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1 Introduction

The analytic properties of scattering amplitudes provide a rich connection between higher-
dimensional operator coefficients in an effective field theory (EFT) and fundamental prop-
erties of its UV completion, particularly unitarity, causality and locality [1-4]. Rather than
match EFT coefficients to a particular UV model, so-called “positivity bounds” instead
leverage such fundamental UV properties to constrain the EFT coefficient space. In this
work, we derive new and more general positivity bounds on EFTs for massive spinning
particles, adding to the rapidly growing list of available bounds developed recently in [5-16].

It is surely no coincidence that this recent progress comes at a time when the lack
of new physics near the weak scale challenges our understanding of EFT naturalness.
This return to the foundations of QFT is reminiscent of the original analytic S-matrix
programme [17, 18], which also began in an era when the contemporary understanding of
QFT was being challenged. Ironically, back then this was due to an abundance of new
resonances at the GeV scale; today, it is the lack of on-shell resonances at the TeV scale.
Nevertheless, signatures of new physics may still arise from exploring the precision frontier,



by detecting deviations from SM predictions. If such deviations are due to heavy new
physics, then they are efficiently encoded as higher-dimensional operators in the Standard
Model Effective Field Theory (SMEFT) framework, and positivity bounds provide a direct
connection between these operator coefficients and general properties of the UV. Positivity
bounds are an important theoretical prior restricting the EFT parameter space which could
improve our estimation of these SMEFT parameters and therefore our ability to detect
new physics in precision experiments. Conversely, experimental measurements probing the
parameter space with the “wrong” sign can test whether fundamental principles break down
in the UV.

The tantalising prospect of such a two-way bridge between the IR and the UV has led
to a diverse range of phenomenological applications of positivity bounds. As mentioned
before, LHC measurements are increasingly interpreted in terms of SMEFT coefficients (see
e.g. refs. [19, 20] for the latest global fits) to which positivity bounds have recently been
applied [21-29]. Other particle physics applications include chiral perturbation theory [1-3]
and its gauged siblings [30, 31]. Positivity bounds have also been recently applied to
a variety of EFTs relevant for cosmology, including the study of corrections to general
relativity [32-35]; the effective theories describing massive gravity [36-43] and higher-
spin states [44-46]; various scalar field theories [47-51]; Einstein-Maxwell theory and the
Weak Gravity Conjecture [52-57]; and paired with observational constraints [58, 59]. Any
improvement in the constraining power of positivity bounds can therefore impact a wide
range of areas throughout theoretical physics.

Following the influential study of ref. [4], which developed bounds for the 2 — 2
scattering of scalar particles in the forward limit, positivity bounds have since been extended
beyond the forward limit [6, 47], and to include spinning particles [5, 7]. Steps have also
been taken beyond 2 — 2 processes [50], to allow for spontaneous Lorentz breaking [60—
63], and to include gravitational effects [64—68]. Positivity bounds have recently been
further strengthened by exploiting full crossing symmetry (i.e. equating the s-, ¢-, and
u-channels) [10-12], moment theorems [9], and an emerging geometrical understanding of
their underlying mathematical structure [15, 16]. While all these bounds begin constraining
operators at mass dimension-8 and higher, ref. [8] recently pursued a complementary
direction, in deriving positivity bounds on the dimension-6 interactions between two
massless spinors by requiring a stronger convergence of the UV amplitude at high energies.

However, despite these recent advances, it seems clear that the existing bounds are
far from the full picture. Indeed, most explicit UV completions that we know of seem
to populate only a small island in the region allowed by current positivity bounds [69].
Improving on the existing positivity machinery, to find the strongest possible bounds on
the space of low-energy EFTs, is an important theoretical tool for a better understanding
of UV-IR connections in QFT and, more practically, an essential in-road when modelling
and searching for signs of new high-energy physics.

In this work we derive new positivity bounds for massive particles with spin, beyond
the forward limit, that are complementary to previous bounds. The main new ingredient
that goes into deriving our bounds is a stronger unitarity condition, or rather a pair of
unitarity conditions that constrain both the s-channel and u-channel branch cuts in terms



of the exchanged angular momentum, taking careful account of the non-trivial crossing
relations for massive spinning particles. As a first application of our results, we obtain new
constraints on a variety of operators, starting at dimension-6.

The main results of this work are briefly summarised in section 1.1 below, followed
by a list of our notation and conventions in section 1.2. In section 2 we derive a new
unitarity bound on the UV amplitude using the s-channel partial wave expansion, and then
in section 3 we use crossing to derive the analogous bound in the u-channel region. In
section 4, we then invoke causality (analyticity) and locality (boundedness) to construct
a dispersion relation which relates these UV unitarity constraints to positivity bounds
in the IR. Section 5 provides various simple examples of low-energy EFTs with massive
spinning fields that can be constrained with these new positivity bounds, and we conclude
in section 6 by highlighting future applications and the potential to further develop these
positivity bounds.

1.1 Summary of main results

Our main result is the improved positivity bound (1.5), which follows from new, stronger
t-derivative unitarity conditions for spinning particles in the helicity basis. These conditions
exploit angular momentum conservation in the UV, which leads to a series of selection rules
in the partial wave expansion. Furthermore, previous beyond-the-forward-limit positivity
bounds in the literature have specialised to massless spinning particles or have restricted
to transverse spin projections, and here we are able to establish bounds directly in the
helicity basis for the first time by carefully considering the crossing relation for massive
spinning particles.
Specifically, we derive the following unitarity condition for the s-channel,

(s — 4m?)9; Abs, A(s,t)|,_g = |hs| Abss A(s,t)],_ » (1.1)

where hs = hy — hy is the total s-channel helicity and the absorptive part Abs; of a
scattering amplitude A is defined in (2.3). Previous unitarity conditions in the literature
are equivalent to just the left-hand side of the inequality (1.1) being positive. Here (1.1)
is more constraining since it is further bounded from below for particles with non-zero
helicity, and reflects the fact that only modes with J > |hs| can contribute to the partial
wave expansion.

Positivity only holds if both the integrals across the s- and u-channel discontinuities
are positive. In the massless case, positivity in the u-channel follows trivially from the
s-channel case, since crossing symmetry is trivial. But in the massive case this is not as
straightforward. Here we show that the following helicity averaged amplitude,

Ahu (S,t) = E : Ah1h2h1h2(37t) (1'2)
hi,ho
hi1+ho=hy

has a positive u-channel discontinuity that is also bounded from below,
(u — 4m?)0; Abs, Ap,, (4m* — u — t,t)]s=0 > |hu|Absy Ap, (4m* —u — t,t)]4=0,  (1.3)

which follows from the selection rule J > |h,| in the u-channel partial wave expansion.



These results allow us to derive new positivity bounds. To account for unphysical
kinematic singularities, the bounds are expressed in terms of a regulated amplitude,

i _ (s(s = 4m?)) >
Ahu (S>t) = (_Su)|h5|min

Ap, (s,1), (1.4)

where S12 are the spins of particles 1,2. In the low-energy EFT, we may calculate
2N Ay, (s0,t; 1) at so = 4m?, where all poles and branch cuts are subtracted up to a scale
@ > 4m? within the EFT. This is then related via a dispersion relation to the UV values of
the absorptive Absg and Abs, parts appearing in (1.1) and (1.3). To obtain a positivity
bound, the number N should be chosen depending on the assumption on the UV energy
growth, such that the contour integral at infinity vanishes, e.g. locality guarantees this for
N > 14 51+ S2 — |hs|min Where |hg|min is the minimum value of |h; — hgo| in the sum (1.4).
We obtain the following new positivity bounds,

—%GSZNAhu(ZlmQ,O; p) , a>0

, 1.5
0 , a<0 (1.5)

002 Ay a0, >

where we have defined
o= 2(N —S51 — Sy + |hs’min) — |hu| — |hs|mir1 . (16)

When a > 0, (1.5) reproduces the known scalar positivity bounds when h; = hg = 0, and is
complementary to existing bounds in the literature for non-zero helicities. The bound when
a < 0 is qualitatively different than existing bounds because it bounds the first ¢-derivative
independently of the zeroth t-derivative.

As with other positivity bounds in the literature, the bound (1.5) only applies if
the high-energy growth of the amplitude in the UV theory is assumed to be sufficiently
bounded. Typically this is ensured by the Froissart bound, lim, o [A(s, )] < s2, which
follows from unitarity and causality in any local quantum theory with a mass gap. In
this case, the positivity bound (1.5) applies for all 2(N — S; — S2 + |hs|min) > 2. This
corresponds to constraining interactions of mass dimension-8 and higher. Constraining lower
dimension operators requires stronger assumptions about the UV growth. For instance if
limyg| o0 [A(s, )] < s° in the UV then the bound with 2(N — S — S2 + |hs|min) = 0 applies
and can be used to constrain dimension-6 operators whose amplitudes contain a piece that
grows as s0tL,

One interesting distinction between (1.5) and previous positivity bounds is that when
a <0 (i.e. for sufficiently large |hy| 4 |hs|min) the first t-derivative is constrained indepen-
dently of the forward-limit amplitude without any t-derivatives. As a result, this a < 0
bound applies given weaker assumptions about the UV growth. In particular, dimension-6
operators can now be constrained with the milder assumption that limj,|_ 9¢| A(s, )] < s°.

Finally, note that since |hy|+ |s|min < S1+S2, the positivity bound on mass dimension-
6 interactions (which contribute A ~ ¢ to the amplitude) will have o > 1— S5 — Sy, while the
bound on mass dimension-10 interactions (which contribute A ~ s%t to the amplitude) will
have o > 3 — 57 — S2. To illustrate these bounds, we have focussed in this work on examples



in which S; <1 and S5 < 1, as would be relevant for e.g. the SMEFT. Consequently, in
these examples the bounds on dimension-10 interactions and higher always have o > 0
in (1.5), while the dimension-6 bounds can have a < 0 providing S; + S2 > 1. The case
Sy = Sy = 2 (relevant for massive gravity) will be presented elsewhere [70].!

1.2 Notation and conventions

Here we set out the notations and conventions that we use in the rest of the paper. We
work in 3 + 1 spacetime dimensions with metric signature (— + ++).

Two-particle states. A single-particle state |p @) is described by the particle’s spatial
momentum p and its quantum numbers ), which include the spin, S, and helicity, h, as well
as other identifiers like species, flavour, charge, etc. The most important of these in this work
will be the particle helicity, and so we adopt the shorthand |p h), where only the helicity is
written explicitly.? A two-particle state is then written as the product |py h1)|p2 he).

We adopt the usual relativistic normalisation of the one-particle state,

(p'H|ph) = 2wpdp (27)35%(p — p') (1.7)

where wy, = /|p|? + m? is the energy. This ensures that the corresponding 2-particle state
|p1h1)|p2ha) has normalisation,

/dﬁHPIPQ (Pohs (1R [P1h1)|P2he) = O, Onys (1.8)
with respect to the Lorentz-invariant two-particle phase space element,

1 d*p
AL, py = —d°T0,,, d°T1 d*, = — 276 (p* —m?) © 1.9
Pz = P1 P2 s v (2r) T (p ) (o), (1.9)
which corresponds to integrating over all on-shell, future-pointing momenta for each particle,
and dividing by a degeneracy factor g5 to account for whether the two ingoing particles are
distinguishable (gs = 1) or indistinguishable (gs = 2) in the s-channel. This g4 factor is
required since when indistinguishable the two-particle phase space is a factor of 2 smaller

(because |p1p2) and |pap1) are identified).

2 — 2 amplitudes. Since we assume Lorentz invariance throughout, the 2 — 2 scattering
amplitude can be expressed in terms of the usual Mandelstam variables,?

s=—(p1+p)?, t=—(p1+p3)?, u=—(p1+ps), (1.10)

which are related by s +t +u = >, m2. We will focus on elastic scattering processes in
which m; = mg, S1 = S3 and mo = my, S = S4. In the main text, we make the further
simplifying assumption that m; = meo, so that all four particles have identical mass, m —

Note that we do not consider spins > 2, since these even-higher-spin theories often have low cut-
offs [71, 72] or already violate existing forward-limit positivity bounds [46].

20ther quantum numbers are implicit, e.g. the state |p1 h1) of particle 1 implicitly has spin Si.

3pq is the usual 4-momentum (+wp, s Pa), Where the sign is + for ingoing and — for outgoing.



this is largely for cosmetic reasons, and we give in appendix D the analogous derivation for
the my # mo case.

We will refer to the process 12 — 34 as “the s-channel” and the process 14 — 32 as
“the u-channel”. The bar denotes the corresponding anti-particle quantum numbers, for
instance h = —h for the helicities. Physical s-channel kinematics (i.e. real ingoing p1, pa
and outgoing ps3, p4) corresponds to the region s — 4m? > —t > 0, and physical u-channel
kinematics (real ingoing p1, ps and outgoing ps, p2) corresponds to the region s < 0 < —t.
When discussing the elastic helicity configuration h; = hg and hy = hy, we will often refer
to the s- and u-channel total helicities,

hs:=hi—ha, hy =hy —hg =hi + hs. (1.11)

We use Ap, hy—hshy (P1, P2, P3, P4) to denote the amplitude that |p; h1)|p2 he) will transi-
tion to |ps h3)|p4 ha) (i.e. the physical on-shell S-matrix element), and we use Ap, hohghy (S, 1)
to denote the analytic continuation of this transition amplitude beyond the physical s-channel
region to complex values of s and t. Similarly, we use A ;. 5.5, (P1, P4, P3, P3) to denote
the amplitude that [py h1)[pa ha) will transition to |ps hs)|p2 h2), and use Ay, 75,7, (u,t)
to denote its analytic continuation beyond the physical u-channel region. The bars on
the helicity indices make it clear whether an amplitude refers to the s- or the u-channel
process, but where it may be ambiguous we include a superscript to denote the channel, e.g.
AZ;Z);:;Z 3,:{1 *(s,t) for the process in which fields ¢115 are ingoing and 13104 are outgoing.
s-channel kinematics. FEach value of s and ¢ corresponds to a family of possible particle
momenta p~ (which differ from one another by an overall Lorentz transformation). In a
Lorentz-invariant theory, each of these possible sets of momenta are physically equivalent,
however it will nonetheless be useful to choose a canonical frame in which to work. In the
s-channel region, s > 4m? — t > 4m?, we use the centre-of-mass momenta,*

Vs Vs Vs Vs

s_110 s_ 1[0 s 1| —kssinb; s _ 1| kssinb (1.12)
Pi=ol o | " 272 o | 372 0 » Pa= g 0 ‘
ks —ky —kg cos 0, ks cos O,

where ks = /s — 4m?2, and the scattering angle 6, is given by,

0, v —u .0

COS — = S —

2 Vs —4am2’ 2 \s—4m?’

This has the advantage that A(ks, 65) describes physical scattering for any real ks > 0 and

(1.13)

any real 05, and in particular allows for a partial wave expansion in which 6, is transformed
into an angular momentum, Ay(s).

“Note that although we have written the 4-momenta of all particles as incoming, so that Za Pa = 0,
the states are labelled by the physical momenta of the particles, i.e. the outgoing (ps hs| particle has
3-momentum ps3 = —i—% (ks sinbs,0, ks cos 0s).



u-channel kinematics. Similarly, in the u-channel region, we use the u-channel centre-
of-mass momenta,

Vi Vi ~Va ~Vu

w 1 0 w 1 0 v 1| —kyusing, w 1| kusinéd,
Pr=gl o | P72 o [ P72 0 275 0
ku, —ky —k, cos b, k., cos b,
(1.14)

where k, = vu — 4m? and the scattering angle is,
0., V=5 . Oy V=t

COS — = —F———— sin — = ———— 1.15
2 Vu—4am?’ 2 Vu—4am?’ (1.15)
for which there is an analogous partial wave expansion.
Finally, the s- and u-channel partial wave expansions are related to each other by
crossing symmetry, which is most easily described using a further angular variable,

cos v — V—su ~Ju(u—4m?) 1+ cosb,
Xu = V=05 —4m2)(u —4m?) | s(s —4m?) 2 ’

sin vy, = —2my/—t _ u(u —4m?2) m -
e V—(s —4m?2)(u — 4m?) m Ju Ou (1.16)

which corresponds to the angle through which ps rotates upon boosting from the Lorentz
frame (1.12) (in which p{ + ph = /s 85) to (1.14) (in which p} + p§ = \Judl).

2 Unitarity bounds with angular momentum

In this section, we derive the s-channel unitarity bound (1.1), which bounds the ¢ derivative
of the scattering amplitude in terms of the forward limit amplitude in the region s —4m? >
—t > 0.

Unitarity and the optical theorem. Unitarity of the S’—matrix, S8 = 1, is required
by the conservation of probability: it ensures that the norm of the wavefunction does not
change with time. This is a cornerstone of quantum field theory. Separating S into free
and interacting parts, S=1+ Z'T, unitarity requires that,

T —T =TT, (2.1)

which loosely speaking constrains the “imaginary part” of any scattering amplitude in terms
of its absolute value. More explicitly, the 2 — 2 scattering amplitude A is related to an
S-matrix element via,

(P4 ha|(p3 h3|T|p1 h1)|pa ha) = (27)46* (P1 + P2 — P3 — Pa) Anyhyshshs - (2.2)

Although (2.2) only defines Ap, p, shsn, for real values of s and ¢ in the region s — 4m? >
—t > 0 (which corresponds to all four p; being real in (1.12)), we can define the analytic



continuation Ap,ponsn, (8,t) to all complex values of s. The left-hand-side of (2.1) then
corresponds to the “absorptive” part of this amplitude,®

1 .
Abs, Ah1h2h3h4(37 t) = Z llm (Ah1h2h3h4 (5 + i€ t) Ah1h2h3h4 (S - levt))

1

=5 (Ahiho—shahs — Ahshimshih,) When s —dm?® > —t >0, (2.3)

which reduces to Im A for processes which are invariant under time-reversal.® Then if we
insert a complete set of N particles states on the right-hand-side of (2.1), unitarity becomes
the celebrated optical theorem,

2 Abss An hohshy (s,t) = ZAMMHN‘A;%M%N when s — 4m? > —t>0. (2.4)
N

In particular, for elastic processes (hs = hy and hy = hg) in the forward limit (ps = p1 and
ps = p2) then the right-hand-side of (2.4) becomes 3y |An,n,sn|? and is always strictly
positive in an interacting theory. Although not manifest from (2.4), this positivity also
extends beyond the forward limit [47], allowing positivity bounds to be placed on all ¢
derivatives of the amplitude [6, 7] (see also [3, 31, 73] for earlier applications). This is made
possible using the partial wave expansion, as we will now show (see e.g. [74] for a more
detailed review).

Partial wave expansion. The main idea behind the partial wave expansion is to expand
the incoming/outgoing two-particle states in terms of the states |P, J M)|Q), where P,
is the eigenvalue of spacetime translations and (J, M) are the total and magnetic angular
momentum eigenvalues, while @) are all of the internal quantum numbers which commute
with spacetime translations and rotations. The virtue of these states is that the conservation
rules associated with the spacetime isometries are made manifest, since the interactions

commute with spacetime translations and Lorentz transformations,”

(P, J' M'|T|P, J M) = (27)'6" (P = B}) 8,000 (P2, J, M) (2.5)

Explicitly, the incoming two-particle state |p1 h1)|p2 ho) (where we are only writing
the helicity labels explicitly), can be expanded in the s-channel region as,

00 +Js
p1 1) |p2 ho) = Z > crr ps Js My)|ha ho) (2.6)
=0 Ms=—Js

where ps = p1 + p2 is the total incoming 4-momentum in the s-channel, and Js, M are
the incoming angular momentum quantum numbers. In particular, M is the eigenvalue of

Note Abs; f(s) = 2-Disc f(s) is the usual discontinuity of a complex function across a branch cut.

Note that An, nynzny (s — i€,1) = A i n, (s + i€, t) due to Hermitian analyticity of the S (T') matrix,
and we define the analytic continuation Ap, hohsny(s,t) in the complex s-plane such that it coincides with
the matrix element A, hy—nsn, On the real s-axis approached from above.

"Note that T'(P?,.J, M) retains a hat because (2.5) represents only a partial trace over the external
quantum numbers, leaving an operator which acts on the subspace of internal quantum numbers (e.g. for
the 2-particle case (2.6), T'(P?,.J, M) acts on the |hih2) part of the states).



jz = f/z + 5*21) + 5*9, and represents the sum of the orbital angular momentum associated
with the relative motion of particles 1 and 2 and their intrinsic spins. These states are
normalised so that,

(P J5 My|ps Js M) = Vi(2m)*6* (ps — p)6.1,0000,01; and (hihb|haha) = 6, Opgny, (2.7)

where V; is the relative phase space volume between |p; pe2) and |[ps Js M), given by
Vi = 87gs(2Js + 1)y/5/ks for the centre-of-mass kinematics (1.12).%

To find the coefficients ¢ s, in (2.6), we first use the fact that L. vanishes when p;
and po collide along the z-axis, in which case My = h; — ho is simply equal to the total
ingoing helicity,” a combination we will define as A" := h; — hy. Then comparing the
normalisation (2.7) with (1.8) fixes each ¢ pin = 1 up to an unimportant phase. Altogether,
the incoming 2-particle state can be expanded as,

o0

P} h)pshe) = > Ips Js B Ry ha). (2.8)
Js=|hin|

Note that the sum begins at Js = |hl"| since J; < My is forbidden.

Defining the angular momentum jy as the generator of rotations within the scattering
plane (i.e. recall that with the conventions (1.12) all particle momenta lie within the
xz-plane), then we can similarly write for the outgoing state,

[e.e]

P ha)lpiha) = > €% ps Js h3")|h3 ha) (2.9)
To=|hg|

where ho" := h3 — hy, which follows from (2.8) since the outgoing momenta (p§, pj) are
related to the ingoing (pj, p3) by a rotation of the scattering plane by an angle 6;.

Finally, in the s-channel region where Ap, nynghy (S, ) = Apiho—hsny (P, P3, P3, PY), We
can substitute (2.8) and (2.9) into the matrix element definition of the amplitude (2.2)
to write,

Anshohsha(8,8) = D (JhQ|e 0| JhE) (haha|T (s, Js, h) hha) (2.10)
T

where the sum over Jy starts at max (|RI"], [hSU]). (2.10) is the partial wave expansion for
massive spinning particles,'” which we can now use to establish unitarity bounds on Abs, A
and its ¢ derivatives.

8In a general Lorentz frame, this relative phase space factor is given explicitly by,

d4ps d? Qp,

Vi i= (2JS+1)d6lep2 et

where d?Q,, are the two spherical angles of p; and d°®TI,, », is given in (1.9).

9Note that he contributes negatively to the total helicity since particle 2 is travelling in the opposite
direction to particle 1, i.e. along the negative z-axis.

ONote that (J ho" e~ /vos [ J,h) = d7

out pin
RQut Al

polynomials for spin-less particles, dijo(8) = Ps(cos#).

(65) is Wigner’s d matrix, which reduces to the usual Legendre



Forward limit. In the forward limit, ¢ = 0 (which implies 65, = 0), the jy matrix element
in (2.10) becomes a simple J-function imposing conservation of angular momentum about
the z-axis, dpimpous. Then taking the Abss part, and using unitarity (2.1) to replace T with
TTT, we can write,

[e.e]

2AbSSAh1h2h1h2(svo): Z |<T8|h1h2>|27 (2.11)
Js=|hs|

where we have introduced |Ts) as a convenient shorthand for the partial trace,
(ps Js h| TTT |ps Js h) = |T)(Ts| . (2.12)

To compute (Tg|hiho) explicitly requires complete knowledge of T in the interacting UV
theory. From an EFT perspective this is often not possible, however crucially this quantity
is always sign definite, and so,

Abss Ahlhzhlhg (87 O) > O 9 (213)

for all s —4m? > 0 is a robust prediction of unitarity for any possible interactions.

First ¢t derivative. Since (s —4m?)d; = 20/dcos b, (~ —28; at 0, = 0), we find that
for elastic processes in the s-channel region,
o0

(s — 4m®)0 Absg Apinoning (5, 8)|,_g = D (Jshs|J7|Tshs) [(Ts|haha)|*. (2.14)
Js=|hs|

Since J, is Hermitian, it is clear that the right-hand-side of (2.14) is positive definite.
Indeed, this is how positivity bounds on ¢ derivatives were established in [6, 7]. The step
forward which we wish to take in this work is the observation that this angular momentum
matrix element is not only positive, but is also bounded from below,

2(Js hs| T2 Js he) = Jo(Js + 1) — h2 > |hy| . (2.15)

Physically, this is simply a consequence of angular momentum conservation: since the
ingoing angular momentum along the z-axis is |hs|, the total angular momentum Js of any
partial wave contribution must be > |hs|. Comparing (2.14) with (2.11), we find that the
selection rule (2.15) leads to the following bound,

(S — 4m2)8t AbSS Ahthhth (S, t) |t:0 > ’hs| Ast Ahlhzhlhg (8, 0) 9 (2.16)

in the physical s-channel region, s — 4m? > 0. In fact, since higher order t-derivatives can
be related to the matrix elements (.J, hs]jz?”us hs), which obey analogous selection rules
to (2.15), the bound (2.16) is the first in an infinite tower of such inequalities, which we
construct explicitly in appendix A.

The unitarity bound (2.16) is the first ingredient of the positivity bounds that we derive
in this paper: it establishes a bound on the discontinuity of the right-hand (s-channel)
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branch cut of Ap nyn,h, Which is strictly stronger than the basic positivity condition
Ot Abss Apyhohyhy, > 0 when |hg| # 0. The second ingredient we require is the u-channel
analogue of (2.16), in order to place a bound on the discontinuity of the left-hand branch
cut. This is achieved by applying a crossing transformation to Ap, pon,n, (S,t) — unlike for
scalar particles, this amplitude carries little group indices and so transforms non-trivially
under crossing, which we will now describe in detail.

3 Crossing relation with spin

In this section, we derive the u-channel unitarity bound (1.3), which bounds the ¢ derivative
of the scattering amplitude in terms of the forward limit amplitude in the region s < 0 < —t
(i.e. in the u-channel region, u — 4m? > —t > 0).

u-channel unitarity. The scattering amplitude for the u-channel process, Ahl hra—shaha’
is defined by the matrix element,

(P2 ha|(ps hs|T'|p1 h1)[pa ha) = (27)*6%(P1 + Pa — P3s — P2)Ap hyhahy» (3-1)

where the overbar denotes that these quantum numbers belong to the corresponding
antiparticle (in particular, the helicity changes sign,'! he = —hg). This represents a
different physical process, in which particle 2 (4) has been exchanged with an outgoing
(incoming) antiparticle. The centre-of-mass energy for this scattering is u, and we define
A Rahshy (U5 1) to be the analytic continuation of Ay, 7, ;5. to complex values of u, exactly
analogous to how the s-channel amplitude Ap, n,ngh, (S, 1) is defined from (2.2). In particular,
we can define the absorptive part with respect to wu,

1

Absu Ah1ﬁ4h3ﬁ2 (U7 t) = ?Z ll—r{(l) (Ah1;l4h3fl2 (u + Z'E’ t) - Ah1fz4h31€2 (u - i6, t))
1 . ,
= Z (Ahli_z4~>h3ﬁg - Ah3;l2—>hlil4> when v — 4m > —t> 07 (32)

so that the unitarity condition (2.1) implies a wu-channel optical theorem, namely
2Absy Ap hunah, (W) = XN Ah1714—>N"423132—>N' As with the s-channel optical theorem,
although this immediately implies that Absy A, 7.5, (%, 0) > 0 for elastic processes in the
forward limit, to extend this positivity beyond forward kinematics requires a partial wave
expansion. Following the same steps which led to (2.10) in the s-channel, one can show
that in the u-channel region where A, 7., 7 (u,t) = Ay, 7. ;.5 (PY, P4, PY, Py), expanding
the 2-particle states in (3.1) in terms of |p, Jy, My)|h1ha) leads to,

A Banahy W) =3 (T e 0 | T hiY (haha|T (u, Jy, Bl [haha) (3.3)
Ju

where hi' = hy — hg, h9" = h3 — hg, and the J, sum starts at max (|hi"[, [h2"]). As a

result, Absy A, 7,15, (U, t) satisfies unitarity conditions analogous to (2.13) and (2.16).

"Since we only write the helicity quantum number explicitly, we are also using the bars over the helicities

to implicitly denote the scattering process. In particular, Ay, 7, ns5, (= A;fll;f f}: ;/:;“”2) is generally not equal
to Ap,nsnan, (= Afll;b?,;;f?w“) with hy = —hs and hj = —hs since they correspond to different processes
2 4

(although they are related to one another, by the crossing relation (B.1)).
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Crossing relation. To make use of these u-channel unitarity bounds, we must relate
the u-channel amplitude Ay, j, ;.7,(u,t) to our original amplitude Ap,pyngn,(s,t). We do
this using crossing, which is the property!'? that the s-channel matrix element Ap,hy—shsh,
(defined for s — 4m? > —t > 0) can be analytically continued in the complex s-plane to
a combination of u-channel matrix elements A, 7. ;. 7. (defined for s <0 < —¢). This
means that, although in the region s < 0 < —t the amplitude Ap,pyngn, (S,t) cannot be
written as (2.2) or bounded by (2.13), we can instead use crossing to express it in terms
of (3.3) and appeal to u-channel unitarity.

However, this continuation from the s- to the u-channel effectively contains a Lorentz
boost, and so unlike for scalar particles it is generally not true that Ap,p,nqn,(s,t) and
A hahsho (u,t) simply coincide, since they carry little group indices which are transformed
by the Lorentz boost. The precise crossing relation between the s- and u-channel helicities
amplitudes was worked out in detail in [79-82]. The final result is given in appendix B,
where we show that for elastic scattering (in which S3 = S; and Sy = S2) the amplitude
Ap,hohshy (S, t) can be expanded in u-channel partial waves,

Ah1h2h3h4 (4m2 —u—t, t) - Z Z <Ju hzut/|e+in0u ‘Ju h’gl/>

Ju h,
7 iIE iy 1 7y P
X Gyt Oxu) (W |T(u, Jus IR €yt Oxu) - (34)

in the region s < 0 < —t, where the sum over h, implies summing over all possible values of
. i 7 7 . . R} R}
\y... hl, with Bi™ = bt — b} and h9™' = hfy — hl,. Here, the crossing matrices Gl (Xu)
are given by the matrix elements,

R

W () = (BT gy, O (x,) = (hshole ™9 h4hY) . (3.5)

hyh,

where S, |h1hg) = (5'3(/1) + Sf)) |h1h2) implements a rest-frame rotation of each particle by
the angle y,, given in (1.16), which is a result of the Lorentz boost required to go from
s-channel kinematics (1.12) to u-channel kinematics (1.14).

Forward limit. Now we can take the Abs,, of (3.4), and use unitarity of the u-channel
process (3.1) to bound Ap, pohah, (s, t) for negative values of s. Again adopting |T),) as a
shorthand for the partial trace,

we see that taking the Abs, of (3.4) in the forward limit gives,

[e.o]

2AbSu Ah1h2h1h2 (4m2 —u, 0) = Z |<Tu|h1}_L2>|2 (37)
Ju=|hu|

for all s <0, which is the crossing image of (2.11).

12For local quantum theories with a mass gap, crossing has been rigorously proven from unitarity, causality
and locality at the level of off-shell correlation functions [75, 76]—see [77, 78] for recent progress towards an
entirely on-shell demonstration.
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First t derivative. However, when taking a ¢ derivative, this will act on the crossing

matrices (3.5). Explicitly, taking a t-derivative at fixed u of (3.4) gives,?

(u— 4m2)8t Absy, An,hohiho (4m2 —u—t,t)|i=0
- 22 7 \2 2m? &2
= Y (JuhalJ]|Juh) [(Tulhiho)* + T<Sy> (3.8)
Ju=|ha]

where the <,§5) term comes from the crossing matrices (using that 0 cos x.,/d cos 6, = m?/u
at t = 0), and is given explicitly by,

(S2) = > {D(Tul Py Sylhaho) (hho|Sy Py, |Tu) + Re [ (Tl haho) (hiha| S2Py, | T)]

Ju=|ha| Rl
(3.9)
where we have defined the projection operator,
Bo, = > |Wihb)(hihyl, (3.10)
ANA
b, —hl=h,,

which sums over all pairs of helicities with a fixed total h,, and arises as a result of the

v matrix element.

Opout + pin s enforcing J,-conservation when 6, = 0 in the etidy

While the first term in <S’§> is manifestly positive, the second term is not. This was
pointed out (albeit in a different polarisation basis) in [7]. There are two possible resolutions.
Firstly, one could simply neglect the O(m?) term in (3.8), making the implicit assumption
that the UV completion is such that these terms are small (i.e. that no UV amplitude
grows like 1/m? at small m). This is the approach adopted in [8] for the particular case of
S1 = Sy = 1/2. However, we will see in explicit examples in section 5 that for spins > 1 this
massless limit must be taken with great care, since scattering of longitudinal modes can
indeed scale like 1/m? and lead to a violation of the crossing relation if the O(m?) term is
discarded prematurely. The second resolution for the sign-indefinite terms in (3.8), and the
strategy which we shall adopt in this work, is to consider a sum over all ingoing helicities

with fixed total hy, = h1 — ho,

Ap, (s,1) = E Anihohyhy (5, 1) . (3.11)
h1, ha
hi1+ha=hy

Averaging over the relative helicity in this way produces a positive <§’§) in (3.8),

(u — 4m?*)0; Abs, Ay, (4m* — u — t,t)]4—0

s r9 . 2 2m? PN 2 A A 2
- Z {<JuhU|Jy|JuhU> ‘Phu|Tu>‘ +T (Z‘PhuSyPhL|Tu> + ‘Syphu|TU> ) }
.

Ju=|hul

(3.12)

13 As with (2.14), (3.8) should be understood as first differentiating and setting ¢ = 0, and then taking the
absorptive part.
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Not only is the right-hand-side of (3.12) now manifestly positive, but in fact comparing
with (3.4) and using the selection rule (2.15), we find that,

(u — 4m?)9; Abs, Ay, (4m? — u — t,t)]|s=0 > |hu|Absy A, (4m? — u,0), (3.13)

as a consequence of J,, > |hy|. This is the crossing image of the s-channel bound (2.16).

Armed with the unitarity bounds (2.16) and (3.13), which place lower bounds on the
size of OyAbss A hyhiny(s,0) and its crossing image which are stronger than the basic
OtAbss Ap hohyhy (S,0) > 0 condition, we can now derive new positivity bounds on the
coeflicients appearing in any low-energy EFT of massive spinning particles.

4 Analyticity and a new positivity bound

So far we have considered the consequences of the unitarity condition ST =1 on the
2 — 2 scattering amplitude. However, in practice these amplitudes are computed using
a low-energy effective description — since experimentally what we have access to is the
behaviour of A at small values of s, this allows us to make theoretical predictions when the
full UV theory (namely A at large s) is not explicitly known.

We will now consider the question of whether a given low-energy EFT (i.e. a given
Agrr(s) at small s) could have a UV completion (an analytic continuation to large s) which
is compatible with these unitarity requirements. Demanding that there exists such a UV
completion places constraints on the IR, Wilson coefficients, known as positivity bounds.

Causality and analyticity. In order to relate the UV and IR behaviour of the amplitude,
we will assume that the UV completion is causal. Causality can be used to establish the
analytic properties of the amplitude in the complex s-plane [83-88], allowing one to leverage
basic results from complex analysis. In particular, Cauchy’s residue theorem allows us to
evaluate A at a regular point sg using a contour integral which encircles sg. By deforming
this contour, A can be expressed as an integral over its discontinuities (Abs parts), known
as a dispersion relation. These dispersion relations connect the low-energy EFT amplitude
(evaluated at some sg in the IR) to the value of Abs. A in the UV, and are a standard
ingredient in deriving positivity bounds.

However, for massive spinning particles, Ap, hony b,y (S, t) contains unphysical “kinematic”
singularities at finite ¢, arising for instance from the factors of cosfs/2 and sin 65/2 used to
define the polarisation tensors. These can also be seen in the partial wave expansion (2.10),
since the matrix elements (.J. shg“t\e*"jyes | Jshi") contain poles and branch cuts when written
in terms of s and t. For example, supposing that hs = 1/2 then the first term in (2.10) is
proportional to (3, %|e‘ijy95\%, 3) = v/—su/V's — 4m?2. This is single-valued in the physical
s-channel region, but introduces a kinematic branch cut in the unphysical region that will
contribute to any dispersion relation (and which is not constrained by unitarity).
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Regulated amplitude. In order to overcome this issue,'*

we will consider a suitably
regulated amplitude which is free from such unphysical singularities. These kinematic
singularities were studied in detail in [80], where it was shown that for elastic processes in

which the helicities are preserved, the regulated amplitude
(s(s — 4m2))51+52
(—su) ||

is free from any kinematic singularity. The only non-analyticities which appear in

Ah1h2h1h2 (S’t) = K(|h5|) Ah1h2h1h2(svt) with K(|h8‘) = (4'1)

Ahl hohihs (S, t) are those required by unitarity (and crossing).
Note that removing the kinematic singularities in this way has introduced an additional
t dependence, and in fact,

(5 = 4m2), Anas s (5, Ol = K(Ihel) [(5 = 4m2)0, 1ol Ao (5 O)lio (42
and the s-channel unitarity bound (2.16) becomes simply,

Oy Absg Annohihy (5, )]i=0 > 0, (4.3)

2 > 0. Although this superficially resembles the usual positivity

in the region s — 4m
condition 0;Abss Ap,hohihslt=0 > 0, note that without our stronger condition (2.16) we
would not have been able to remove the factor of (—su)/"! in (4.1) and retain positivity of
the s-channel branch cut.

For the u-channel unitarity bound (3.13), recall that it was necessary to sum over all
pairs of helicities (h1, ho) with fixed hy + ha = hy. This sum will have a minimum value of
|h1 — hal, which we denote |hg|min. The procedure analogous to (4.1) for removing kinematic

singularities is therefore to define the regulated amplitude,
An, (5,t) := K(|hs|min) An, (5,1) (4.4)

where the kinematic factor K is defined in (4.1). Unitarity in the u-channel (3.13) therefore
implies,

dy Abs, Ap,, (4m? —u — t,t)]—o

hu_hsmin 1 1
>(| = 1% +(S1+Sz)(

+ u)) Abs, A, (4m? — u,0), (4.5)

- u — 4Am?2 u — 4Am?2

in the region s < 0.
Dispersion relations. We can now use the analyticity of flhu (s,t) in the complex s-plane

to derive a dispersion relation at fixed t. Following the by now standard procedure [4], we
will consider the contour integrals,'®

~(2N) ds ./Zlhu (S, t)
typ) = — 4.
Ahu (507 7#) %Cu 27 (S _ 80)2N+1 ) ( 6)

14 Another approach, described in [5], is to choose this kinematic branch cut to be along the real axis

interval s € [0,4m?], which is certainly within the regime of validity of the EFT and can therefore be
explicitly subtracted from any dispersion relation.

15The most general fixed ¢ dispersion relation would integrate A against a general integration kernel F(s)
which is analytic for all |s| > A, the EFT cut-off. In this high-energy regime, F'(s) can therefore be expanded
in a Laurent series, and so in general we have a linear combination of the integrals (4.6).
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Figure 1. The circular contour C, used to define A;LQUN) in (4.6) (shown in green). Rather
than passing through the branch cuts (shown in red), C), can be viewed as a small circle around
s = 2m? — t/2 plus absorptive contributions up to the scale p (shown in purple).

where C), is a circular contour of radius p centered at the crossing-symmetric point s =
2m? —t/2 and sg is a point within this region. By Cauchy’s theorem, AfuN) (s0,t;m%—1/2) =
2N Ay, (so,t) for any sq in the region m? < sy < 3m? — t, and can be computed within
the low-energy EFT. When p is greater than m? — ¢/2, the contour integral in (4.6)
is to be understood as a deformation of the C,,2_;/; contour on the physical sheet, as

shown in figure 1. The observable AiN)(so,t; p) therefore corresponds to 92V of the
amplitude evaluated at sg with all poles and branch cuts subtracted up to the scale pu.
Changing the radius p of the contour integral shifts flgiN) (s0,t; ) by the real axis branch
cut discontinuities, and can be interpreted as integrating in/out physics at that scale.'6

Explicitly,'”
/AliN) (s0,t; IR) — Az(iN) (50, t; puv)

N /MUV s Abey i 2.1 +/HUV du Absy Ay, (4m® —u —t,1)
= p T (S — 30)2N+1 T (u — UO)QN_H )

(4.7)

IR HIR

where ug = 4m? — sy — t. The dispersion relation (4.7) can be used to relate an IR scale
UIR, at which the EFT can be used to compute fl;iN), to a UV scale uyy, at which fliN)
is sensitive to certain properties of the UV completion.

Forward limit. Since unitarity requires that both of the discontinuities in (4.7) are
positive in the forward limit (see (2.11) and (3.7)), this establishes that fliN)(so, O;p) is a

6 These A;iN)(so, t; ;) are in many ways analogous to the arcs defined in [9], but note that since crossing
symmetry is not trivial for massive spinning particles one can no longer use an arc in the upper half-plane
only since the resulting dispersion relation contains Ap,hyhsh, (s 4 i€,t) and Ay 7, 1,075, (s — i€, t) only (which
cannot be combined into an Abs part and thence constrained by unitarity).

"Note that with our conventions Abs; is related to Abs, by a minus sign, namely Abss An,hohshy (4m2 —
w—t,t) = —Absy An nohgh, (4m? — u — t,t).
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monotonic function of the scale u. In particular,'®
(2N ~(QN
‘AELM (50,05 pg) > Agu ) (50,0500) , (4.8)

for all 4m? — R < so < R, where uR is any low-energy scale which is resolved by the
EFT. This allows us to bound EFT coefficients in terms of the high-energy behaviour
AN

i (80,0;00). Sum rules like (4.8) connect low-energy EFT observable to properties of

the UV physics, and become fully-fledged positivity bounds when ./l;iN)(SO, 0; 00) vanishes.

Taking the t-derivative of (4.7) will similarly produce a bound on 0tfi§iN) (50, t; IR ) |t=0

in terms of 8tfl§12uN)(so, t; 00)|t=0. Before we describe this t-derivative bound explicitly, let
us briefly describe the conditions under which the quantities fliN)(so, 0; 00) vanish.
Locality and convergence. The standard assumptions of unitarity, causality and locality
in any gapped quantum field theory lead to the Froissart-Martin bound [90, 91],

Um | Apnohihe (5, 1)] < 327 (4.9)

|s]—o00

which requires that ﬂiN)(so,O;oo) vanishes for sufficiently large N. Notice that the
normalisation used to regulate the amplitude in (4.4) depends on s like K(|hs|min) ~
§2(S1+82—|hs|min) and so it is convenient to define,

NZ:N—Sl —52+|hs|mina (410)
since then,
1CN) (o 0io0) o [ 98 Ar(5:0) 3
AP (50,0; 00) /OOO SRR =0 for N 21 (4.11)

in any local (unitary, causal) UV completion. In other words, the number N can be thought
of as (half) the number of “spin-adjusted” derivatives acting on the amplitude.

From (4.8), we therefore conclude that fl;iN)(SO, 0; uir), which equals 92N Ay, (so, 0)
minus the EFT branch cut contributions out to the scale pig, must be positive for all N > 1,
ie. for all N > 14 51 + 52 — |hs|min, if a local, unitary, and causal UV completion is to
exist [7]. This is the analogue of the simple bound 9?4 > 0 that is well known for scalar
amplitudes [4]. We emphasize that it is the spin-dependent number N that determines the
operator dimension at which these bounds first become constraining. For instance, this
forward limit bound constrains operators of dimension 4 + 4N.

In addition to Froissart-boundedness (4.9), there are various other asymptotic behaviour
of the amplitude at high s that one could consider (see e.g. [92]). In many classes of UV
completion the convergence at large s is faster than the Froissart bound; in string theory for
instance, the amplitude is often exponentially bounded at large s, and so flgiN) (80,0;00) =0

8Tn fact, since Abs, Apihahi 5y (8,0) > 0 in the forward limit, there is no need to perform the helicity
sum (3.11) since every elastic Agﬁi hyho (50,05 1) is monotonic [5]. In fact, the elastic scattering of any
superposition of helicity states is also monotonic [33], and more recently bounds have also been placed on
the inelastic configurations [13, 89].
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Nyy | ACN) > 0 bound if | 8, A2Y) bound if Example UV
Super-Froissart | 1/2 N >1 N >0 No ¢-channel
Froissart 1 N>1 N>1 Any local QFT
Sub-Froissart 3/2 N >2 N>1 Galileon?

Table 1. Summary of three different high-energy growths (4.12) of the amplitude in the UV and
the corresponding positivity bounds.

for any N > 0. Rather than considering only the set of Froissart-bounded UV theories (4.9),
we can also consider other classes of UV theories whose amplitudes are bounded by a
different asymptotic growth rate, specified by,

Slggo |Ah1h2h1h2 (s,t)] < s2Nuv | (4.12)

For these more (or less) restrictive UV completions, fliN)(so, 0; ur) > 0 for all integer
N > Nyy.

One particular class of UV completion which we consider below are those in which the
amplitude is softer than p? at large momentum, i.e. (4.12) with growth Nyy = 1/2 (where
we are not distinguishing between ¢ and s). This high-energy behaviour has been discussed
also in [5, 8, 93], and includes for instance tree-level UV completions with no t-channel
exchange. Such a “super-Froissart” convergence would imply that,

Super-Froissart: 8]5/1,(3\])(50,15; 00)|y—o =0 for N >0. (4.13)

Let us stress that unlike (4.11), which is a robust requirement of locality, this condition (4.13)
is simply a restriction on the kinds of UV completion for which we are allowing.

Finally, there are also cases in which one may want to allow for a sub-Froissart growth
in the UV — most notably for the Galileon interactions [94], which violate the bound
A®) > 0 and so may require a UV completion which violates (4.9) (see e.g. [95]). In this
case, by considering (4.12) with Nyy = 3/2, we can allow for some mild non-locality (i.e. a
violation of the Froissart bound by just one power of s). This implies,

Sub-Froissart: 8tfl§iN)(so,t;oo)\t:0 =0 for N>1. (4.14)
These different possible UV behaviours are summarised in table 1.

First t derivative. With all of the ingredients now in place, we will complete the
derivation of positivity bounds for the first ¢ derivative of a general elastic 2 — 2 amplitude
Aphohiho for massive particles with arbitrary spins, which follow from unitarity, causality
and locality (or a super/sub Froissart-boundedness) in the UV. Taking the ¢ derivative of
the dispersion relation (4.7), evaluated at so = 4m?,

2(2N) 2 . . ~(2N) 2 ,. ® ds IS © du Iu
8t"4hu (4m , T u)|t:0 = 8t"4hu (4m , 15 OO)|t:0 + /ﬂ ?W / ?W
(4.15)
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where the s-channel contribution is positive thanks to the unitarity bound (4.3),
I, = 9, Abs, Ay, (s,t) >0, (4.16)

and the u-channel contribution is bounded by,

2N +1

I, = 8; Abs, A, (4m? —u — t,t)|i—0 — Abs, Ap, (4m? — u,0)

1 N o
> (1hul + [Bslmin = 28 = 1) Abs, Ay, (4m? — u,0), (4.17)

thanks to the unitarity bound (4.5) (using that S1 + S2 > |hs|min and 1/(u — 4m?) > 1/u
for all u > p > 4m?). We introduce a new variable for this particular combination of the
helicities and spins,

o :=2N +1— |hy| — |hs|min , (4.18)
so that I, > 0 if « < 0 and I, < 0 if a > 0. We will now discuss each case in turn.

Small helicities (a > 0). When « is positive, the s- and u-channel branch cuts in (4.15)
have opposite signs. This is the same issue encountered for scalar amplitudes (for which «
is always positive). One resolution, first described in [6], is to add to O AN )|t:0 enough of
the positive AEN) lt=0 to correct for the negative I,,. In our case, this allows us to establish
the analogue of  monotonicity (4.8) for ¢ derivatives,

(at + Z) AN (4m?, 6 ) |0 > (at + Z‘) AP (4m?, t; 00) |1 - (4.19)

We therefore arrive at the following positivity bound, where the range of N is determined
by which UV growth (4.12) is assumed,

~ IS hu hs min — 1
(8,5 + z> A;iN)(ZlmZ,t;u)h:g >0 for N > max (NUV, (] + || > .

2
(4.20)

When |hy| = |hs|min = 0, this reproduces the scalar positivity bound of [6], and for non-zero
helicities this represents the analogue of the transversity-basis bounds of [7] (though note
that the effective aipere = 2N + 257 + 253 + 1 is always > apere)-

Large helicities (a < 0). The main breakthrough achieved by our stronger unitarity
condition is that when o < 0 (i.e. for sufficiently large total helicity), I,, > 0 and 8#122;\[) lt=0
alone is a monotonic function of y, and consequently we have a powerful new bound,

|hu‘ + ’hs|min =1l

O ACN (4m?, t; 1) im0 > 0 for >N>Nyy—=. (4.21)
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This is qualitatively stronger than (4.20) because with no u‘lfliN) (4m?,t; 1) term, the
bound (4.21):

(i) does not require a large p to be useful (in contrast, when the EFT resolves
only small values of p, then (4.20) simply reproduces the forward limit bound
AR (am?, 0 1) > 0),

(ii) can be used to constrain dimension-6 operators, assuming super-Froissart conver-
gence (4.13) in the UV (in contrast, (4.20) only applies to N = 0 when one assumes
an even stronger convergence of A at large s, namely Nyy = 0),

(iii) can be used to constrain dimension-10 operators (Galileon-like interactions) even when
the UV amplitude convergences slower than Froissart (4.14)—of course for scattering
scalar fields « is always positive and (4.20) applies, but in various “IR completions”,
such as Proca or massive gravity, the scattering of spinning particles can be constrained
by (4.21) (see e.g. [36-42] for earlier positivity bounds in these theories).

Finally, note that the sum over relative helicity was only necessary to remove the O(m?)
correction to the crossing relation, and so more generally one may write,

2

A m? hul + [hs] =1 _ &
OACN, (5.t )0 > O <N<s§>> when Pult sl =1 S 6o Ny 21 (4.22)

N

2

where <$’§> is given in (3.9). Making an additional assumption about the UV to discard
this term when g > m? (namely that this matrix element grows slower than ~ u/m? at
small masses), then one can place a positivity bound directly on 9,02 flhl hohihy Without
the need for the sum over hy at fixed h,.

Our bounds (4.20) and (4.21) (and (4.22)) are very general results: together they can
be used to constrain the scattering of massive particles with any spin and helicity. Note
that for the special case S; = Sy = 1/2 and hs = 1, h, = 0 recently considered in [§8], we
have that,

A+*+*(S’ t) = A2 .7 ‘AJr*Jr* (Sa t) ) (4'23)

and so the massless limit of the bound (4.21) with N = 0 derivatives (assuming the
super-Froissart growth (4.13)) becomes,

lim 8tfl+_+_(s, t)’s:4m2 = (atA+_+_ - 85A+_+_) |s:0 5 (424)
m—0 t=0 t=0

which coincides precisely with the dimension-6 bound derived in [8].

5 Some applications

In this section, we present some explicit examples of various spins and helicities and show
how our positivity bounds lead to new constraints on the coefficients appearing in the
low-energy EFTs of massive spinning particles.
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5.1 Spinor-scalar scattering

Let us begin by considering the following dimension-7 interaction,

L = (0600, (1)

which couples a massive scalar field ¢ to a massive Dirac spinor . For instance, this is the
leading-order interaction compatible with an approximate shift symmetry for ¢ (which is
softly broken by its mass). Modulo SU(2), gauge indices and covariant derivatives, a similar
interaction appears in the SMEFT as a Higgs-lepton coupling (see e.g. Op in [96]), where
it can lead to charged lepton number violating interactions with W bosons, radiatively
generate Majorana masses for neutrinos, and contribute to neutrinoless double beta decay
(albeit at subleading order [97]).

We have chosen to give (5.1) as our first example because the 2 — 2 scattering amplitude
Yo — Y@ is particularly simple,

Vs(s —4m?)’

We see that A indeed has the kinematic singularities described in section 4, which can be

ALV (5 1) = Agm(t — 2m?) (5.2)

removed by multiplying by the factor in (4.4), giving a regulated amplitude,

s(s —4m?)

Ne=rm

which is now analytic in s and ¢ (as expected of a tree-level scattering amplitude).

AL (5 1) = AYEVO (5 8) = Agm(t — 2m?) | (5.3)

Furthermore, note that since this interaction has mass dimension < 8, the forward-limit
positivity bound A® > 0 cannot constrain A7 (assuming a local, Froissart-bounded, UV
completion). However, following the example of [8, 93] and assuming a super-Froissart
boundedness (4.13), we can apply the positivity bound (4.21) with N = 0 s-derivatives
(since @ = 2N because |y |+ |hs|min = 1 and N = N in this example). This gives the bound,

ALY = \om >0 (when Nyy = 1/2). (5.4)

Physically, this means that such an interaction can only have A\; < 0 if 9;A # 0 at high
energies (for instance because the UV theory contains the ¢-channel exchange of a new heavy
state). The sign of A7 is therefore a useful diagnostic of this property of the underlying UV
completion.

5.2 Vector-scalar scattering

Next, we consider some simple interactions between a massive vector field, A,,, and a massive
scalar field, ¢. This will help illustrate how the longitudinal modes of a massive vector field
can lead to a violation of the crossing relation, and strong coupling at a parametrically
lower scale, unless the massless limit is taken carefully.
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Leading order. The leading-order interaction that mediates A,¢ — A,¢ is,
Ling = 1)\ AFA, P2
int = 7 A¢ A" A7, (5.5)
and the corresponding amplitude is simply,

Anyons0(8, 1) = Aeen, (P1) - €4, (P3) (5.6)

where the polarisation tensors eZl (p1) for A, are given explicitly in appendix C, and are
contracted using 7, = diag (—1,+1,+1,+1). For the transverse polarisations,

—U —t

Ato+o(s,t) = Xe Atoro(s,t) = Xe (5.7)

s —4m?2’ s —4Am?2’

Note the presence of the kinematic singularity at s = 4m? when t # 0, and in particular that
(s — 4m?)0y At o40lt=0 = 1 is finite as s — 4m? and the unitarity bound (2.16) is satisfied
for any A\g. For the longitudinal polarisation on the other hand,

2m? s — 4m?

Aoooo(s;t) = A6 <1 + t) ; (5.8)

and (s — 4m?)0;Agoooli=0 = N6¢s/2m? so unitarity is violated at s = 2m?/\g, indicating
that A\g ~ O(m?/A?) is required if the EFT is to remain perturbative up to a cut-off scale
A. This can also be seen by introducing Stiickelberg fields, A, ~ d,m/m, which makes
manifest that /\6A“AM¢2 is a dimension-6 operator which becomes strongly coupled at the
scale m?/\g.

The kinematic singularities in (5.7) and (5.8) disappear when ¢ = 0, but at finite ¢ they
must be removed by (4.1) in order to apply a dispersion relation,

1 _ i _ S 2. .4
Asoro(s,t) =Xe,  Aoooo(s,t) = )\6727712 (st +2m*s — 8m ) ) (5.9)

These cannot be constrained by positivity without assuming a rather strong convergence in
the UV, namely Nyy = 0. However, they serve to highlight an important point about the
crossing relation. If the massless limit is taken with ¢ # 0, then the resulting amplitudes do
not obey a trivial crossing relation,

. s .
lim Ajoro(u,t) = )\Gm # lim Aiovo(s,t)
t
s+t

rlzlino A+070(u, t) = )\6 75 7717,1§0 A+0,0(8, t) . (5.10)

The reason for this is that, while the crossing matrix C’le]—};j (Xu) = 52;5}—}2 + O(m), the
scattering of longitudinal polarisations grows at small m, for instance Agooo ~ O (1/m?),
and so one must consistently keep the subleading terms in the crossing matrix when

expanding in small masses.'?

19 Alternatively, taking m — 0 with A = m /e held fixed effectively sends As — 0 and removes this operator
entirely in the massless limit, so a sufficiently careful power counting would ensure that all longitudinal
interactions decouple as m — 0.
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Next-to-leading order. At next-to-leading order, there are various (dimension-8) inter-
actions of the form 9%2¢2A2, but only two,

by m2 lm2
Lo = i (410,0)° + i (4u0,0)° (5.11)

are compatible with an approximate shift symmetry for ¢ (which is softly broken by its
mass). Here we have explicitly included factors of the A, mass so that the interactions do
not violate perturbative unitarity until an energy scale ~ A when Ag, A\§ ~ O(1) (i.e. the
decoupling limit m — 0 can be taken with A, Ag, A\ held fixed). The corresponding elastic
amplitudes are,

2
4 T um (4 2
A Asoso(st) = — 0 (Nt +224(t — 2m?)) (5.12)
A s st
4 _ N8 5 2 . 272 iy 2 2 7
A Ao, ) = 222 (02 s — 4m?)?) + 2m)<2m +5—4m2>'

Assuming the Froissart bound in the UV, there is one non-trivial positivity bound,

1D\
8;1 (s(s — 4m2)u40000(57t)> |smam? = :

P = F >0 (When NUV = 1) . (513)

The g interaction is not bounded because it vanishes in the forward limit. In this
simple example, what our new bound (4.21) shows is that, assuming a super-Froissart
convergence (4.13) of the UV amplitude, then A\ must obey,

2 /
%) <S_tm./4i0i0(s,t)> ot = % >0 (when Nyy=1/2).  (5.14)
_ P

For the transverse modes, A2(9¢)? is effectively a dimension-6 operator, and here we are
seeing that the sign of this operator is directly tied to the degree of convergence in the UV.
We can make this all the more striking by considering the single operator, S\SA“a[H¢AV8V]¢
(i.e. tuning Ay = —Ag in (5.11)). Taken together, (5.13) and (5.14) imply that A\g > 0 and
Ag < 0, showing that this interaction can never be generated in isolation by a unitary,
causal, local UV completion unless the corresponding UV amplitude grows at large momenta
with Nyy > 1/2 (e.g. contains the tree-level ¢-channel exchange of a vector field).

Comparison with previous bounds. Finally, let us use a few of the dimension-10
operators in this scalar-vector theory to compare the new helicity bound (4.20) with the
earlier transversity bounds of [7]. The transversity polarisations are defined in (B.10), and
if we denote the corresponding scattering amplitude A; 7,7, (Where 7, is the transverse
spin projection of particle a) then the main result of [7] is that the quantity,

f — 1 2425142855
T (24281 +285)! 0
x [(s(s = 4m2) 5% (Arirpriny (5,8) + Ay a1, ma(5,1)] (5.15)
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obeys positivity bounds analogous to a scalar amplitude,

3+25+28
frimli=0 >0 and (815 + 2[1\22) frimlt=0 >0 (5.16)

inside the Mandelstam triangle, where we have assumed a weak coupling so that at tree-level
the branch cuts only start at A? in the complex s-plane.

For the scattering process Ap — A¢ (i.e. S1 =1, Sy = 0), if we retain an approximate
shift symmetry for ¢ and focus on the gauge-invariant sector for A,, then at leading order
there is a single dimension-8 interaction, (0¢)?F?, and at next-to-leading order a small
number of possible dimension-10 interactions. We can start by considering just one of
these, namely,

C C
Ti(a¢)2paﬁpa6 + A—lg’ 0,00" pO F*PO°F, 5, (5.17)

which contributes to both the elastic helicity amplitude Apgno and the elastic transversity

£int = -

amplitude A,gr¢. In the forward limit, positivity bounds applied in either basis yield Cs > 0.
Beyond the forward limit, the helicity bound derived in this work (4.20) implies,

1 a 1
<8t + A2> Ag2)|t:o = 5010 + Cg >0, (5.18)

since in this example a = 1 (from (4.18) with N = 1, |h,| = 1 and |hg|min = 1). On the
other hand, the transversity bound (5.16) implies,

5 1 5
(81: + IA2 fooli=o = 5010 + 508 >0, (5.19)

which is always slightly weaker than (5.18) since Cg > 0. The other transversity amplitude
f1,0 gives the same bound as (5.19), so we find that in this simple example (5.17) the new
helicity bounds on 9;.A that we developed in this paper are numerically stronger than the
transversity bounds of [7].

However, while the particular Cjg interaction in (5.17) contributes in the same way to
both helicity and transversity amplitudes, this need not be the case for all interactions. In
fact, generally A r,-, -, Will be sensitive to different combinations of Wilson coefficients
than Ap,, in which case the transversity bounds of [7] and the helicity bounds developed
here will give complementary information. For example, suppose we include in (5.17) a
further dimension-10 interaction,

cty

A6
This does not contribute to fp o, and so does not affect the bound (5.19), but it does
contribute to the helicity flhu:l, shifting the helicity bound (5.18) to,

Do 0V 030" Fog FM . (5.20)

1
B (C’m + Cio) +Cs>0. (5.21)

Whether this is stronger or weaker than (5.19) now depends on the sign of C7, and in fact
we see that the helicity bound is providing new information beyond the transversity bounds.
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5.3 Four-fermion interactions

Finally, we consider a single Dirac spinor, v, with canonical kinetic and mass terms,
1- 1 -
Efree = —511}’7”0“10 - §m¢¢ . (5'22)

The leading interactions appear at dimension-6, and take the form ¢/T'1¢) ¢¥T21), where I'; and
I'y are products of 7, and 75 matrices — two such interactions are considered in appendix C.
In this subsection, we focus on theories with a fermionic shift symmetry, ¢» — 1 + €, which
is broken softly by the mass in (5.22). This approximate symmetry suppresses all the
interactions at dimension-6, and also those at dimension-8. The first interactions compatible
with the symmetry are dimension-10 operators of the form (81;81#)2. Such shift-symmetric
fermions arise in a variety of settings, including Goldstinos from broken supersymmetry,
and the longitudinal mode of a massive spin-3/2 field in the decoupling limit (to which
positivity bounds were recently applied in [98]).

While there are a handful of different possible contractions, we will focus on a single
interaction to illustrate our key point,

Lint = Mo(0,00"9)? . (5.23)

Assuming a local UV completion, the forward-limit positivity bounds are,?°

azAg)w—”/”/) = —4m2)\10 >0,

o = 24
OLALY VY = +48m? A0 > 0, (when Nov =1 (5.24)

which together require that Ajg = 0. It was already argued in [5] that a fermion with exact
shift-symmetry would inevitably violate the A®) > 0 positivity bounds (analogous to how
an exact Galileon symmetry violates this bound in scalar scattering). (5.24) shows that,
even allowing for a small mass term to softly break the shift symmetry, this interaction still
violates the positivity bounds required for a local UV completion.

One possible response (which could also be made for the Galileon) is that whatever UV
completes this shift-symmetric fermion must contain some degree of non-locality.?! Then
the Froissart bound need not apply, and no positivity constraint can be placed on A1g. One
virtue of our improved positivity bound (4.21) is that, even allowing for some non-locality,
in particular Nyy = 3/2 and the sub-Froissart condition (4.14), there is still a constraint
on this dimension-10 operator,

B2 ALV = —X g >0 (when Nyy = 3/2) . (5.25)

This final application of our new positivity bound is complementary to our earlier examples,
in which stronger UV convergence is used to constrain lower dimension operators. By

20The polarisation tensors can be found explicitly in appendix C, as well as a description of how the
overall sign of the fermion amplitude is determined.

2! Another possible resolution is that shift-symmetric fermions never exist in isolation, but always come
coupled to other light fields (which contribute to the 1 — 1 amplitudes to restore positivity). This
parallels the case of a massless spin-3/2 field, whose amplitudes cannot be consistent unless coupled to a
spin-2 field in a supersymmetric way, i.e. the gravitino must always come with a graviton [99].
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removing the need for the forward-limit AN )\tzo in our positivity bound for 9,.42N )]tzo,
it is now possible to constrain a different range of interactions than previously possible (for
a given UV behaviour of the amplitude).

6 Discussion

It is now well-established that by assuming four fundamental properties of short-distance
physics — namely Lorentz invariance (LI), unitarity, causality, and locality — one can place
various bounds on scattering amplitudes at low energies. Roughly, these properties have
the following consequences for a 2 — 2 scattering amplitude A:

e LI = A is a function of the Mandelstam variables s and ¢.

Unitarity = an optical theorem relating Im A to a (positive) cross-section.
o Causality (+ LI) = a domain of analyticity for A(s) in the complex s-plane.
e Locality (+ LI + unitarity) == lim|y_|.A(s)| is polynomially bounded.

By recalling these standard ingredients for cooking up positivity bounds, we learn that
the fundamental UV properties are most powerful when used in combination (as is best
exemplified by the boundedness condition limgs o A(s) < s? of Froissart-Martin).

In this spirit, we began the present work by deriving stronger unitarity conditions that
‘knead in’ LI more thoroughly than in previous literature, and these stronger unitarity
conditions led us to new positivity bounds. Specifically, for 2 — 2 scattering of particles
with spin, invariance of the theory under the rotation subgroup SO(3) € SO(3,1) supplies
us with conserved angular momentum quantum numbers that lead to selection rules in
both the s- and u-channels. Firstly, by performing an s-channel partial wave expansion,
one can factor out the kinematic part of the scattering amplitude for each value of the
total angular momentum J, and write it as a matrix element of a rotation operator jy
(that rotates the axis of the incoming pair onto the axis of the outgoing pair). Moreover,
when scattering incoming particles with helicities hy and heo, this sum over J begins at a
finite value Jyin = |h1 — he|. By combining these simple facts with the optical theorem, we
derived an “angular momentum enriched” unitarity condition, which is that, schematically??

(see (2.16)),

[h1 — hol
I _ 101 2]
8t mA’t,() > o — A2

in the physical s-channel region, to be contrasted with the more familiar unitarity conditions,
Im .A|t:0 > 0 and 0;Im .A|t:0 > 0.
To use such an improved unitarity condition to derive an EFT positivity bound, one

Im A|t:0

also needs to derive a similar condition for the u-channel branch cut of A. To do this one
has to work a little harder, thanks to the complicated nature of the crossing relation when
considering massive spinning particles. The obstacles to overcome here are for the most

22For elastic helicity configurations, An,hoh, ks, the absorptive part defined in (2.3) coincides with the
usual imaginary part in the physical s region.
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part technical, related to sign-indefinite terms that arise from taking a t-derivative of the
matrices that implement crossing; only by averaging over all ingoing helicities (that have
fixed h; + h2) do we obtain a positive quantity. The u-channel unitarity condition is then,
schematically (see (3.13)),

|h1 + hal
atIm Z A|t:0 > mlm Z A|t:0
hels. hels.

in the physical u-channel region.

Armed with these new unitarity conditions, which are stronger than those used previ-
ously for massive particles with spin, we exploited analyticity of the S-matrix and polynomial
boundedness of the UV amplitude to derive new positivity bounds involving one t-derivative
and 2N s-derivatives of a 2 — 2 elastic amplitude "y A, summed over helicities as above.
The bounds are most powerful for large helicities, because in that case the s- and u-channel
branch cut contributions have the same sign. It thus helps to divide the analysis into two
cases depending on whether the number

a:=2N +1—|h1 + h2| — |h1 — h2|min

is positive (small helicities) or negative (large helicities). For a < 0, the new bound is that,
roughly (see (4.21)),
81583]\[ Z A(Sv t)’5:4m2,t:0 > 0,
hels.

which holds for UV completions in which the amplitude is bounded by limg_,00 A < s2V 1.

We also derive a new bound (4.20) in the small helicity regime o > 0 (which is complementary
to similar bounds previously derived in [7]), that is applicable for UV theories with faster
convergence in the UV, namely lim;_ A < 2V,

These very general new results hold for massive spinning particles with any spins and
helicities. In the special case of (i) scattering spin-1/2 particles with opposite helicities,
(ii) assuming the amplitude has a super-Froissart convergence limg_,. A < s, and (iii) in
the limit that the spinors are massless, this reproduces the bound recently derived in [8].
Indeed for general spins, our bounds simplify in the limit of massless particles; if there are
no matrix elements that diverge as m — 0, then one obtains positivity of 9;0%"¥ A without
the need to sum over helicity combinations. We discuss a small selection of applications
of the new bounds in section 5. We save further investigation of the phenomenological
implications of such bounds for future work.

Finally, we do not claim that the new bounds (4.20) and (4.21) are in any way the
strongest positivity bounds that apply for massive spinning particles. While they do leverage
stronger unitarity conditions (the angular momentum enriched unitarity conditions (2.16)
and (3.13)), since they have been derived for definite-helicity eigenstates they are often
sensitive to different Wilson coefficients than the previously derived definite-transversity
bounds. Furthermore, we have focussed on bounds on 9yA|;—g, and further information about
the Wilson coefficients can often be extracted by considering other ¢-derivatives. And finally,
in light of the recent progress made for scalar amplitudes, in particular the identification of
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optimal positivity bounds [9, 15, 16] and fully exploiting crossing symmetry [10, 11, 68],
it seems likely that one may derive even stronger bounds on massive spinning amplitudes
by combining these advances with the improved unitarity conditions and crossing relation
given here. We close by briefly outlining how this could be achieved.

6.1 Future directions

Upper unitarity bound. In the small helicity regime, where o > 0, the bound (4.20)
presented here represents a small numerical improvement over the analogous bounds in [6]
and [7], but still involve the forward limit amplitude with zero ¢-derivatives. However, there
is a way to further exploit unitarity to replace this contribution by a constant. Explicitly,
inserting a complete set of angular momentum states in the unitarity condition (2.1) leads
to the analogue of (2.4) for the partial wave coefficients,

1
Js Js
2Imay’;, > S|ah1h2|2’ (6.1)

where a,{j,m (s) := (h1ha|T (ps, Js, hs)|h1hs) are the elastic coefficients appearing in (2.10),
and the factor of 1/V; comes from resolving the identity using states normalised as in (2.7).
Unitarity therefore requires not only that each Abs; ai‘; h, 18 positive, but also bounded

from above,?

2V. > |ajs,, (s)| = Imajs, (s) >0, (6.2)

and similarly in the u-channel. It is the upper bound in (6.2) which can be used to place
further positivity bounds on the t-derivative of the EFT amplitude, particularly in the
small helicity regime. For instance, using the partial wave expansion in the dispersion
relation (4.15),

o0

ul, > > [Ju(Ju+1) = || (|ha] +1) —a] > Ima}‘ﬁ”,—u , (6.3)
Ju:|hu‘ hl, B2
h1—ha=hy

we see that even when o > 0 it is only the first few partial waves which spoil positivity
of the u-channel branch cut. Defining J, > |h,| as the smallest half-integer for which the
quantity Jy,(Jy + 1) — |hy| (|hy] + 1) — « is positive, we can split the sum into Ziz;ﬁh” and
Zfzj*, and then use Im a}{“l‘h > 0 for the latter and Im an:_4 < 2V, for the former. This

hih
produces a bound of the form,

002N Z Als, t)|8?47612 > negative constant , (6.4)
hels. =

#3Note that it is common to rescale the partial wave coefficients (i.e. the state normalisation (2.7)), defining
filn, = [1677(2J + 1)\/§/ks] - ajl, n, so that (6.1) is simply Abs; f;/,,, < gs. We have instead chosen to
keep the partial wave expansion simple (i.e. |csa| = 1 in (2.10)) which leads to an explicit Vi phase space
factor in the unitarity bound.
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which holds for any value of . For instance, for scattering two distinguishable scalars,
dp — ¢, the dispersion relation for the third derivative (50,02 — 3;02).A receives a negative
contribution only from the J; = 0 and J, = 0 partial waves, and so,

1. 5 ds  16m/s 6m
<28tas 3'65> A(s, )] = = 4m? > = / (s —4m2)92 2 - u7/2 Vu—4m?2
16 4m?
w < p ) (0:9)

In perturbation theory, thanks to the trivial s <+ u crossing relation, the ¢ — ¢y scalar
amplitude at tree-level is freely generated by t and s? + u?,

A(s,t) = Z 92a,b (s2 +u?)tb, (6.6)
a,b

and the bound (6.5) requires that the Wilson coefficient go1 > —8/u3. This effectively
places a limit on the cut-off of the EFT. For comparison, the largest partial wave coefficient
from this term is afy(s) = —7g2,15%/12 in the EFT, and so perturbative unitarity requires
that |go,15%| < 1927/7 =~ 86. Our bound (6.5), which incorporates unitarity, analyticity and
locality, thus improves numerically on this partial wave constraint by an order of magnitude.
This strategy of removing a finite number of partial waves using the upper bound imposed
by elastic unitarity can clearly be further optimised, and we leave that direction open for

future exploration.

Full crossing symmetry. For the scattering of identical scalars, the ¢t-channel process
13 — 24 is also elastic and therefore has partial wave coefficients bounded by unitarity.
Fully exploiting this additional crossing relation leads to so-called “null constraints” (for
instance g40 = g2,2 in (6.6)) that can be used to improve the positivity bounds [10, 11, 68].
Such null constraints have not yet been developed for massive spinning particles, where the
crossing relation is more complicated and the null constraints must mix different helicity
configurations. In particular, the ¢-channel image of Ap, p,n,n, 1O longer has an elastic
helicity configuration, even when the particles are massless (unless hy = hy = 0). While
preparing this manuscript, a step in this direction was taken by [100] for light-by-light
scattering, and it would be interesting to extend this systematically to other spins and
include the effects of a finite mass.

The moment problem. For the case of scalar amplitudes, there has been much progress
in identifying a set of optimal positivity bounds using probability theory, using the dispersion
relation to relate EFT derivatives to the moment problem [9, 15, 16]. The resulting bounds
become particularly useful for higher-order s and t derivatives, which must obey a tower of
Hankel determinant conditions. In appendix A we describe how the selection rule Js > |hs|
naturally leads to an infinite tower of improved unitarity bounds on every t-derivative of
the s-channel branch cut, and in particular we identify the differential operators which
correspond to the matrix elements (Js hsljf,”us hs). We hope that these selection rules
and improved unitarity conditions at higher orders will facilitate future connections with

the moment problem for massive spinning particles.
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A Higher t derivatives

In the main text, we have considered positivity bounds on the first ¢-derivative of the 2 — 2
amplitude for massive spinning particles. The key to strengthening these bounds beyond the
forward limit lay in the selection rule (2.15) for the matrix element <j§> and the resulting
bound (2.16) on 0;Abss Ap,hyhihy- In this appendix, we discuss the generalisation of these
identities to higher ¢-derivatives.
Let us begin by defining the dimensionless variable,
« t
ti=——— Al
s —4m? (A1)

so that 0;

= (s — 4m?)9;. As shown in section 2, 0; Ah,hohshy is proportional to the matrix
element, (Js hslij\Js hs). The key idea is that, with the partial wave expansion,

Ah1h2h3h4 (S,t) = Z(JS hgut|€_ijy95’°]s hlsn> aiih2h3h4 (S) (A2)
Js

where a;ﬁthP)M (s) := (haha|T(s, J, hisn)\Ahlh2> are the partial wave coefficients, higher 6
derivatives can be used to produce all <J§") matrix elements,

(—1)" 03" Anyhahahe (5, E)li=0 = Y _(Js W[ [T h) @it pypgny (5) (A.3)
Js

where in terms of ¢,
2n \/> 2n . aj A
Oy = (— tu@t) :ch,j s att=0, (A.4)
j=1
where ¢, ; are fixed constants. For instance, for n = 3,

15 15 1 out| 7 in s
<88§ + Zatg + 285) Ahyhshsha (8,8)|t=0 = Z<Jsh5 t’Jg?’JshS ) ai1h2h3h4 (s). (A.5)
Js

Conceptually, these <j5"> matrix elements satisfy inequalities analogous to (2.15) as a result
of the selection rule Js > |hg|, and these inequalities can be used to place bounds between
the different ag?AbSS.Ahthhth.
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In particular, the (J h\jy%]J h) have the property that they grow monotonically with
J, with a minimum value at J = h. For example,

. 1 1
(J h|J2|J h) zi(j—hz) = Shat J=h,
. 1 3, 1
(J Iyl h) = 3 (377 = 27(1 4 3h%) + h*(5+ 3h%)) = T Shat J=h,
) 1
( BLIJIT by = £ (5J3 —5T2%(2 + 3h%) + T (8 4 45h° + 15h*) — h? (28 +35K2 + 5h4))
15, 15, 1
_ Dy _Dye 1 _ A.
g h = WP Shat J=h, (A.6)

where J = J(J 4 1). It is straightforward to construct linear combinations of the JE” such
that these minimum values are simply h"”, i.e.,

On =Y CpjJ2" (A.7)
J

with coefficients C,, ; chosen so that (J h|O,|J h) = h™ at J = h. These combinations also
grow monotonically with J, and appear to satisfy the analogue of (2.15),

(J hOnlJ h) > |h[{J h|On-1]J h), (A-8)
which we have checked numerically for all 2n up to 10. For instance, the first few are,

Oy=1, O1=2J2, Oy= fﬁ 2. 0y= 2o J4 2 A9
0 ) 1 Yo 2 = + 5 37y ) 3 = 157Y + 3 15 Yy ( )
In order to translate (A.8) into bounds on Abss Ap pyhihy, We define D as the linear
combination of {-derivatives which produces @n,

D} Anyhohsha (5, 8) =0 = D (Js b3 |OnlJs hi) a2 () (A.10)
Js
so that,
D?Abss 'Ah1h2h1h2 (8? t)|t=0 > |h8| D?_lAbSS Ah1h2h1h2 (Sa t)|t=0 ) (A'll)

for any physical value of s > 4m?, since Abssa;ﬁ hohihy (8) > 0. (A.11) is the extension of
the s-channel unitarity bound (2.13) to arbitrary ¢-derivatives.
The D} derivative operators in (A.10) can be written explicitly,

Dy = i{:}af (A.12)

k=0

where Z are the Stirling triangle numbers of the second kind, which are the coefficients

in the expansion,

:Z{Z}(x)k where (z)y=z(x—1)...(z—k+1), (A.13)

k=0
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and are related to the usual binomial coefficients by,

k
{Z} - %Z(—ni <k> (k—i)". (A.14)

The first few inequalities beyond (2.13) are therefore,

ADSs Aphohhy (5,1 li=0 < |hs| ™" (0;) Absg Apyhoyhyhy (5, 1) |i=0

< |hs|7? (5 )Ast Anyhahyhy (85 1)|t=0

< Rl (97 + 302 + 0;) AbSg Apyponing (5,1)li=o

< |hs|™* (8;} + 707 + 607 + 35) AbSs Apyhohyhy (8,8)|e=0,  (A.15)

and so on, to arbitrary orders in ¢ derivatives.

However, crossing the identities (A.11) to the u-channel is quite involved since the higher
order t-derivatives also act on the crossing matrices in (3.4) and produce sign-indefinite
terms analogous to (3.9), which must be carefully combined into something positive. In
this work we have focussed on the first (n = 1) identity and have shown that the helicity
sum (3.11) guarantees the u-channel bound (3.13), leading to stronger unitarity bounds
and a new positivity bound on the EFT dispersion relation. A systematic study of how to
do this for the n > 1 identities is left open for the future.

Connection with the moment problem. In addition to (A.11), there are further
inequalities which must be satisfied by these combinations of ¢ derivatives in order to solve
the corresponding moment problem. A similar observation was made recently in [16] for
scalar amplitudes. In our case, the regulated amplitude for massive spinning particles
defined in (4.1) has t-derivatives given by,

o0

Lok 2 Js
Eaf Anihahing (8, 8)|i=0 = Z UJs,|hs| k ah1h2h1h2(8) (A.16)
: Js=|hs|

where the coefficients v, 1, are,

o HZIQ—H (J —ala—1))
VJhk = (k")2 )

(A.17)

and reduce to the well-known expression for the derivatives of the Legendre polynomials
P}k)(l) when h = 0. A linear combination of #-derivatives of A p,nsn, can therefore
be constructed to give a partial wave expansion of simply jsnai'i hohihy- Rather than
Js = Js(Js + 1), which begins at |hs|(|hs| + 1), it is more convenient to consider moments of
Ls = Js(Js+1)—|hs|(|hs|+1), which takes discrete values > 0 that are linear in |hs|, namely
Ls =0, 2+ 2|hs|, 6 + 4|hs|, 12+ 6|hs|, 20 + 8|hs], . ... Denoting by D} the combination of
t-derivatives that achieves,

(e,
D? Ahthhth (87t)‘t:0 = Z E? a’}{ithth (8) ) (A18)
Js=|hs|
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the first few can be written explicitly as,?*

D; 1 0 0 0;
D? 2 + 2| hy| 4 0 $0;

3= 2 1 (A.19)
D; 4(1 4+ |hs|) 32 4 24/hy| 36 50

and coincide with the GL transformation given in [16] when |hs| = 0.

We believe that identifying these particular combinations of t-derivatives, which isolate
either a particular <j5”) or a particular L7 in the partial wave expansion, is the first steps
towards developing an optimal set of positivity bounds for massive spinning particles using
the moment theorems recently introduced in [9] for scalar amplitudes. Further exploration
in this direction is postponed for the future.

B Crossing relation details

The crossing relation for massive spinning particles is given in [79-82] (see also [7]),
Y12—)sy hyhyhahy Y1a—st
Ahihahahs Z Chlhont () At 7w (u, ), (B.1)

where the crossing matrix can be decomposed into rotations of each of the four particles,
R’ 28y _im(h| —h%) 1S S S S
C} (xu) = nu (—1)*%2 £ 3)dh’ih1(Xu)dh§h2(*7r +xu)dyly, (Sxu)dyt, (1= xu) - (B.2)

where the crossing angle y,, is given in (1.16), and 7, is an overall sign which depends on
the spin-statistics of the four particles.?’ For the elastic processes we will consider (i.e.
S; = S3 and Sy = S4), this factor is 7, = +1. Note that the overall (—1)?2 sign then
simply encodes the statistics of particles 2 and 4, since this crossing can be thought of as
the three permutations: (a) 2 <+ 3, (b) 2 <> 4 and then (c) 4 <+ 3. The signs introduced by
(a) and (c) cancel, leaving just (—1)2%2 introduced by (b).

Rather than reproduce the rigorous proofs of this relation (which are somewhat involved),
we simply sketch the three key steps:

(i) Permute fields / CPT relation. The amplitude Ap,ponsn, (s,1) is related to the (LSZ
reduction of the) time-ordered correlator (T b, (p1)®ny (p2)Un, (p3)Wn, (pa)). The
crossing of particle 2 from the in-state and 4 from the out-state first requires permuting
the fields iﬁhQ (p2) and 1/Afh4 (p4) and using the CPT relation, which produces the spin-
statistics factor ny,.

24 An explicit expression for the D} can be written analogously to (A.12) using suitably generalised
Stirling numbers.

%51n [7], it was shown that n, = (—1)%175275+5

N12M14 M32734 N24 Where n;; = —1 if both 1; and 1, are
fermions (so anticommute) and = +1 otherwise. Note that this sign depends on the choice of branch cuts for
the Wigner d-matrices (which are only periodic in 47 for fermions), as pointed out in [81, 82]. We adopt the
same convention as [7], in which the angles were chosen so that 0 < 0s < 7,0 <6, < 7and —7/2 < x, <0.
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(ii) Complex Lorentz transformation. While a straightforward exchange of QAShZ (p2) and
‘ZA’M (p4) does formally exchange s = —(p; + p2)? with u = —(p1 + p4)?, it produces
unphysical kinematics — in particular when s is analytically continued to negative
values, each p? is in fact complex. To remedy this, we perform a (complex) Lorentz
transformation to the frame (1.14). The explicit form of this transformation is given
in [79-81]. In particular, its action on each particle can be written as the product
of a rest-frame rotation through a real angle and a complex boost, so that in the
u-channel region,

.a3) _ . a(2) A o) L a(4) _
Apihohgha (5,t) = (P hale™ 0 X3 (phhole™ ™5 X2 T e/ Xt |pithy )e'v X4 pifhy)
(B.3)

where each S'Z(,a) is a rotation in the plane of the scattering that acts only on each
particle in its rest frame. For identical particle masses, these angles are given by,

XI=X4=—X3=—X2=—Xu, (B.4)

in terms of the y, defined in (1.16). We cannot directly apply the partial wave
expansion (2.8) since now the 2-particle state ¢S |pihi) ZSyX4|p hy) is no longer
an eigenstate of global J. rotations. However, we can insert a complete set of helicity
states on either side of 7' like S0,

_ ~ _ ! }'L/
-Ah1h2h3h4 S, t =Ny ZC hg’<pgh,2’ T \P?hﬁ>|PZh2>Chfgj : <B5)

(iii) Reverse scattering plane normal. We have almost arrived at the u-channel kinematics,
however now the normal to the scattering plane (defined for instance using n, =
€payP] p2p3) has the opposite direction, i.e. § — y This is the reason that the
partial wave expansion (3.4) has the opposite sign of Jy to (2.10).

These steps lead to the expression (3.4) for the amplitude in the u-channel region,
which can also be written as,

12 —P31h S S S
Ahllh;hghj "(s,1) —nuzdh'hl Xu)d; Z;L (x )dh;h/( )dﬁjﬁé(XU)

h} h’ —h4-h!,
x (—1)M s+ zA’}f};ff,j;f,m (u,t), (B.6)
where we have used the identity,
in out
d}{guthm( HU) - ( l)h h diguthln(—*—eu) b <B7)
in (3.3) to replace the partial wave sum over J,, with Af};ffh—f ;f,SwQ (u,t). This is equivalent

to the expression (B.1) which appears throughout the hterature which can be easily verified
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using properties of the Wigner d matrices,?%

S. Si—h!, ;S

d;th(XU) = (-1~ 4dﬁ§h4(7r — Xu)
S S

dhghg (Xu) = dhihg(_xu) )

d%ﬁfz (Xu) = (_1)52+h/2d§/zh2(_77 + Xu) - (B.8)

Note that in the forward limit ¢ — 0 (i.e. x,, — 0), the crossing relation (B.1) becomes
simply,

P1pa—h37 2 _ ghrta—paep
Ahllh;hghj 4(4777, - u, 0) - Ahllf_hfhgﬁ; 2(“’7 0) . (Bg)

This facilitates the derivation of positivity bounds on 0% Ap, hyhyihs, lt=0, since the u-channel
branch cut (Absy Ay, 7,57, (4, 1)) is immediately positive by unitarity.

Away from the forward limit, applying the crossing relation (B.1) to the u-channel
branch cut leads to a sum over inelastic amplitudes which is generally not positive. In [7],
the crossing relation was diagonalised by transforming from states of definite helicity |.S h)
(eigenstates of p - .J, rotations about particle momentum) to definite transversity |S 7)
(eigenstates of jy, rotations about normal of scattering plane),

|S 7)== Z u?, |S hy, (B.10)
h

where the unitary matrix u?, = th(g, 5, —%) implements the required rotation of spin

quantisation axis. This provides a simple representation of the angular momentum matrix
elements appearing in the partial wave expansion and crossing relation,

(S hole ™08y hy) =Yy e Ul x| (B.11)
T
and consequently the crossing of Ar ryryr, = 5, ufg :3ufj:4¢4hl ho h3h4ufllh1uf22h2 is particu-
larly simple,
ALYV (5, 0,) = ), exp (—m > ) AL (1, —6,) (B.12)
a

since the rest frame rotation matrices CZE% become simply an overall phase. The statistics
factor 0, can be found explicitly in [7].

Rather than use this transversity basis, in this work we have remained in the helicity
basis throughout. This allows us to leverage the selection rules, Js > |hs| and Jy, > |hy|. As
we have shown in section 3, the first ¢-derivative of the helicity crossing relation is positive
for the particular helicity sum (3.11). In order to leverage the higher t-derivative bounds
from appendix A to produce new positivity bounds on higher-order Wilson coefficients, one
must identify an appropriate combination of helicity amplitudes for which the higher-order
<S‘§"> matrix elements (from differentiating the crossing matrices) are positive. Alternatively,
one must restrict attention to the massless limit, in which y, = 0 for any value of ¢ and
crossing becomes trivial.

26Sce for instance the appendix of [7] for a list of useful Wigner d matrix relations.
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C Polarisation conventions

In this appendix, we collect our conventions for the external states, in particular their
polarisation tensors. Throughout we work in metric signature (—, +, 4, +).

Spin-1. The polarisation tensors € for the three helicity states of a massive vector field
A, are given by,

1 1
ey (p3) = 7 (0, F cosbs, —i, £sinby) , € (p) = . (ks,+/ssinf,0,/scosfs) (C.1)

Note that e, (p) = e™€* , (p), as per our CPT convention. These conventions coincide with
those of [40], to allow easy comparison with those amplitudes/positivity bounds.

A vector example. For instance, consider the simple vector-scalar interaction (5.5). The
inelastic amplitude A o_.q in the s-channel region s — 4m? > —t > 0 is given by,

00,
Ato-o0(s,t) = —\ggj;;n (C.2)

using the momenta (1.12) and polarisations (C.1). Using (1.13) to replace 6, with ¢, this
gives the function,

Y stu
V2m(s — 4m?2)

which can be straightforwardly continued to the whole complex s-plane. Finally, we can

A+000(8,t) = (03)

compare this with the value inferred from the crossing relation (B.1), which gives,
Agooo(4m® —u —t,t) = Z €m(h1_h3)d/11’1h1(Xu)dilzghg(—Xu) Apongo(u, t)
ne b,
stu

- _)\\@m(u—i—t) (4

in the u-channel region, u—4m? > —t > 0, which indeed agrees with the explicit continuation

of (C.3).

Spin-1/2. For spinors, we adopt the conventions of [101] with spacetime signature
(=,+,+,+). In particular, we will explicitly write SU(2); (SU(2)gr) indices o (&) on
each Weyl spinor, which are raised and lowered as,

Aa = eag)\ﬁ , A= ea’B)\/g, 60"86&Y =05 (C.5)

0-1
using the antisymmetric symbol €,3 = (1 0 ), which coincides numerically with —e®?

and €.
The Weyl field is quantized as A*(z) = [, 5, (2§ (p)an(p)e™#* + yg:(p)a} (p)e* ),

where @ and a' obey a canonical anticommutation relation®” and fp is the usual integral

2TNote that it is the operators és, ELJ{L which anti-commute, and so zj, and y;’ are commuting spinors.
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over all on-shell, future-pointing momenta. The polarisations for an incoming spin-1,/2
particle with mass m and momentum p = k(sin 6, 0, cos §) are given by,

20— m+w, —k ( sin(0/2) ) o _ mAwptk (cos(9/2)>
T Vaymror \—cos(8/2) ) T T aym o \sin(0/2) )

2o m+wg +k (cos(9/2)> o = m+w, —k (—sin(0/2)> (C.6)
T V2ym Fw \sin(0/2) )7 T V2ymFwp \ cos(0/2) ) '

where zp,, Z;, and yp,, yn represent left-handed and right-handed chirality respectively (with
h labelling the helicity), and wy = Vk? + m? is the usual energy. The analogous outgoing

_”hxﬁh, between

states are ¢ and y¢, and they are related by the CPT relation, Yy = ie
an outgoing RH helicity h fermion and an incoming LH helicity —h fermion.

The Dirac field is quantised as ¢(z) = [, 32, (uh(p)&h(p)e_”"”” + vh(p)bz(p)e“p’”),
where {ay, &IL} and {by,, lA)}Ll} obey separate anticommutation relations. The 4-component
polarisation tensors are related to the 2-component polarisation tensors by,

mh{f) , Incoming antiparticle: o"(p) = (%, %na) , (C.7)

Incoming particle: wup(p) = ( -
Yn

in the Weyl basis. The analogous outgoing states are uy(p) = (yi, Zn4) for a particle and

vp(p) = (yhaa> for an antiparticle (we define the Dirac conjugate field U = WTA), and they
Lh

are related by the CPT relation, u"(p) = ie~""y50~"(p), and also by charge conjugation,

v (p) = Cal(p)T, where,

0 o, —5P 0 0 6% €as 0

no— - Tap — a A= B C = 7.
! <6WO>’ ” (05%> <6£0>’ (06“5 ’
(C.8)

M .
af
(1,04,04,0), while # % coincides numerically with (1, -0, —0,, —0,). These tensors

in the Weyl basis. ¢, coincides numerically with the usual 2 x 2 Pauli matrices,

satisfy a variety of useful identities (see [101]), and in particular we will make use of,

nw,ago-éagﬂ- = —2€ap€45 ’l]uyaaaaﬁﬁ — 9¢BedB ol 05 5555. (C.9)

N
A spinor example. Consider the simple quartic interaction % (Wp) . At tree-level, the
on-shell amplitude for the ¥y — 1) process is,

AL = Olan, (03)in, (3) (50)” ), (93) 8}, (01)10) (C.10)
)

=+ (Uns (P3)un, (P1)) (Un, (P uny (P3)) — (Un, (P1)un, (PT)) (Uns (P3)un, (P2)) -

For instance, using (1.12) and (C.7) for the momenta and polarisations, this gives Aflf_lfiw, =
—4k? cos? (0s/2). The analytic continuation A, p,nsh, (5,1) to complex values of s is defined
such that it is analytic off the real axis and coincides with (C.10) on the real axis (approached
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from above)—for instance, using (1.13) gives Afﬁi@p(s, t) = u for all real s—4m? > —t > 0,

which is straightforwardly continued to A f}iw}(s, t) = u in the whole complex s-plane.

The corresponding u-channel amplitude for the process 1) — 11 is given by,
AL (0fan, ()b, (8) (00) B (B, (p1)]0) (C.11)

= — (ny (P)uny (1)) (5, (P07, () ) + (B, (P un (PY) ) (s (PH) 0, (P))

which can be analogously continued into the complex plane to define the complex function

PYp—pap . . . . .
b hahaho (u,t). Explicitly, the complete list of amplitudes is given by,
Db 4m?t
A"ﬁﬁij’_’lb( S, ) = 4m27 Aizﬁifw(u’t) = 4m* — s+t
4m?t
AV (s ) = AV () = 5 4 T
s+t
S pih 4m?t
AV (5 1) =t AV ) = - T (C.12)
s+t
Db 4m?t
AL (s,8) = AV () =u— ——
s+t
Dbt 2mn/stu
AT (5 1) =0, AV (u,t) = T

together with the relations A_p, _py —hy—h, = (—1)h§n*h2ut¢4h1h2h3h4 = Ahshyhih, Which
follow from the parity and time reversal invariance of the interaction (see e.g. appendix E
of [7] for a simple derivation), and Ap,hyhshy = Anyhyhahs since the particles are identical.

Note that the u-channel function Awwww (u,t) is not independent of the s-channel

hi1hahsho
Aﬁb];,:é 1,/;4(5, t), and indeed the two are related by the crossing equation (B.1), which can

be checked explicitly using (C.12). In the forward or massless limits (i.e. 4m?t — 0),

this crossing relation becomes the trivial (B.9), which in this case corresponds to simply
ALYy (s,t) = AV (u,t).

h1hahsha hihahshs |
The regulated elastic A, amplitudes are given by,
ALY (s, 1) = dmPs(s — dm?) AL (s,0) = 8+ dmPs(t — ),

AFP (s, 1)

=4m? — s, AZ)MHW_}(S, t) = 4m?. (C.13)

Note that our positivity bounds do not place any constraint on this dimension-6 operator
unless the UV amplitude converges fast enough for the A(s, t) dispersion relation to converge
with zero subtractions (i.e. Nyy = 0), which is stronger than both the Froissart and the
super-Froissart conditions considered in the main text.

- 2
Another spinor example. Finally, consider the quartic interaction %(w’yuw) . At
tree-level, the on-shell amplitudes for the s- and u-channel processes are,

AP0 = (T (P3) vty (P)) (i, (P37 uny (D))
- — (Uny (P1) Yty (PT)) (Uns (P3)Y Ry (P3)) (C.14)
ey = — (g (P, (PV)) (05, ()"0, (PY))
+ ({)}34(13 ) uh1 (p ) <Uh3 p3 ’Y Uh2 (p2)> )
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Evaluating these for each choice of helicity, and then using (1.13) to write the result in
terms of s and t, gives,

b 12m?2t
Aﬂ’r_jfb(s, t) = —ds + 12m?, Aﬁfi@(u, t) = —ds + 12m?* — Tt ,
S
Y GOl o2 12mPt
AL 77 (s,t) = —4m” AV (u,t) = —4m” + prral
W gy W, 1y — gy 127
ATTT (s, 1) = 2t AVTTT (u,t) = 2t — 7 (C.15)
S
N 12m?t
ATV (5, 8) = 2u, ALY (4, t) = 2u — 7
bbb 6m/stu
AV (5,8) = 0, AT (ut) = T

where again the other amplitudes follow from parity, time reversal and particle exchange.
Each of these functions is straightforwardly continued from the physical s- and u-channel

; : : pp—ipp pip—prp
regions to the entire complex plane, and again we find that A; [} % 5 (s, ) and ‘Ahlfm haha (u,t)
are related by the crossing equation (B.1).

The regulated elastic flhu amplitudes are given by,

ALY (s, 1) = —ds(s —Am?)(s — 3m?),  ALYTVV(s,t) = 25 + dmPs (3t — 5)
ALr(s,0) = —2(s — 4m?), AYPO(s,8) = 45 — 4m? (C.16)

Note that our positivity bounds also do not place any constraint on this particular dimension-
6 operator unless the dispersion relation converges with zero subtractions (i.e. Nyy = 0),
which is stronger than both the Froissart and the super-Froissart conditions considered in
the main text.

Massless limit. In the massless limit, m — 0 (wy — k), there are only two non-zero
polarisations, one for each helicity (which now coincides with the chirality). These are often
denoted using the angled- and square-bracket spinor helicity variables,

) == 2% (pn) = 45 (pn) and [n|* := y% (pn) = 2% (pn) when m =0, (C.17)
whose indices are lowered via (ple = €,5|p) 5 and [pla = €ap [p|?, and which obey the familiar
relation |n)4[n|? = —pﬁagﬁ , where py, is the momentum of particle n. See [102] for a review.

Since crossing is trivial in this limit, it is straightforward to relate the different channels,
and in particular it is conventional to consider the particles as either all incoming or all
Py

by hahahy the massless limit is to first

outgoing. For instance, another way to compute A

consider the amplitude for all particles incoming,?®

b — 2 ~

= (U3ypu1) (Vay"us) — (V2ypu1) (V37" ua) (C.19)

Z8Note that (C.20) is a purely off-shell expression, since there are no (real) on-shell 4-momenta which can
satisfy momentum conservation (Zn pn = 0) when all incoming.
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or in terms of the spinor helicities (C.17),
Aqﬁiﬁzﬂ_ﬁﬁg(pl,pmps,m) = —4(14)[23], (C.20)

where we have used the identities (C.9). Then by using crossing,

A (o1, pa, —pa, —pa) = ALY (p1,pa, pss pa) (C.21)

together with the analytic continuation of the spinor helicities, |—p) = —|p) and |—p] = +|p),
the simple expression (C.20) implies that,

AV (1, pa, ps, pa) = +4(14)[23] (C.22)
which for the kinematics (1.14) gives,
AVPV (5 1) = +ds + 4t (C.23)

in perfect agreement with the massless limit of (C.15).

However, note that care must be taken when applying the crossing relation from the
all-incoming process to the physical 2 — 2 process — for instance, had we instead crossed
particles 2 and 4, the correct relation is,

—_— o
A 2 (1, —p2,p3, —pa) = — A (b1, D3, p2,pa) (C.24)

which differs from (C.21) by an overall minus sign.?? As an example, suppose that we take
p2 = —p1 and pg = —p3 in order to set s = 0,

AP (1, —p1,py, —p) = +4(13)[13] = —4t,, (C.25)
then this corresponds via the crossing relation (C.24) to,
— AT (5,8 om0 = —4t, (C.26)

which indeed reproduces the massless limit3® of (C.15). This overall sign in (C.24) is crucial
for correctly applying the positivity bounds, since without it one might conclude from (C.23)
and (C.26) that 3t,41ffifw(s, t)|s=o and 85./41_flﬁil_w(s, t)|t=o have opposite signs, when it is
clear from (C.15) that they in fact have the same sign and so cancel out in (4.24).

D Scattering unequal masses

For algebraic simplicity, we have focussed in the main text on scattering processes in which
the four external particles have the same mass, m. This restriction is by no means necessary,
and in this appendix we derive the analogous positivity bounds for the scattering of unequal
mass particles.

29The relative minus sign is due to the Fermi statistics of the particles, and is most easily seen by
considering the permutation of particles 2 and 3, Aff’}iﬁ;‘j (p1,p2,ps,pa) = —Aﬁ’::g;’j (p1,p3, P2, p4).
39Note that the m — 0 limit is performed first to define the massless amplitude, and then is followed by

the kinematic limit s — 0.
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Kinematics. Consider the elastic scattering process between two particles with masses
m1, mo and spins S1,.59. We label the particles so that mq > msg, and define the positive
difference,

A=m?—m3, (D.1)
along with the following convenient pair of analytic functions,

S = (s — (m1 —m2)?*)(s — (m1 +ma)?),
U= (u—(mg—m2))(u— (my+msy)?). (D.2)

The momenta of the particles in the s-channel centre-of-mass frame remains (1.12), but
now with a scattering angle 05 given by,

0, V—su-+ A2 R —st
CO8 o = e, sl = e (D.3)

2 VS VS
Repeating the steps in section 2 leads to the same partial wave expansion remains (2.10),
but with 65 now given by (D.3) in place of (1.13). Consequently, ¢- and 6,-derivatives are
now related by the factor S9; = 2s0/0 cos 0, and so (2.13) becomes,

S
gé)t Abs, Ahthhlhg (S, t)’t:() > ’h5| Abs, Ah1h2h1h2 (S, 0) . (D.4)

Similarly in the u-channel, the centre-of-mass momenta (1.14) are now given by the
scattering angle,

(D.5)

~—

in place of (1.15), and the partial wave expansion is again (3.3

Crossing. When the masses are unequal, the rest-frame rotation (B.3) required to go
from s- to u-channel kinematics acts differently on each particle: in particular the angles
Xa are no longer given by (1.16), but rather by,

—(s+ A)(u+ A) +4miA +2my/—tW

cos X1 = N , sin x1 = ST (D.6)
—(s — — — 2 — —
T (s — A)(u—A) —4msA in o = 2may/ —tW¥ (D.7)

VSu ’ VSu o

and x3 = —x1, x4 = —x2. This clearly reduces to (B.4) when the mass difference A — 0.
The first t-derivative of the crossing matrices in (3.4) is now,

Uu
Eat Abs, Ah1h2h1h2 (2m% + 2m% —u—t, t>|t:0

o0

= > (Juhal T2 Tu ha)|[(Tulhiho)|* +

2(m1 —+ m2)2
Ju="hu] u

(82), (D.8)

— 41 —



where <§§> is given by (3.9) with the operator Sy|hihg) = (}51) + g@gz)) |hihga) replaced by,

2 m%

I S T A
(ml + m2)2 Y (m1 -+ me 2

8,|h1ha) = < ) 5*352)) \h1hs) . (D.9)

Since §, is Hermitian, the helicity sum defined in (3.11) ensures that,

> (320, (D.10)
hihs
hi1—ho=h,

and therefore,

U
=0y Absy Ap, (2m2 +2m3 — u — t,t)|s=0 > |hu| Abs, Ap, (2m3 4+ 2m3 — u,0), (D.11)
u

which is the crossing image of (D.4). It is perhaps worth commenting here that, without
the succinct operator notation in (3.9), the positivity of (D.10) would not have been at all
obvious, since writing these sums out explicitly in terms of e.g. Wigner d matrices leads to

a lengthy expression with many terms.

Analyticity. The amplitude Ap,pyngn, (S,t) contains unphysical kinematic singularities
arising from the factors of cosfs/2 and sinf,/2 used to define the polarisation tensors.
These kinematic singularities were studied in detail in [103], where it was shown that for
elastic processes in which the helicities are preserved, the regulated amplitude,

SS1+S2

Anihahing (s,) = ‘hslAh1h2h1h2<37t) ; (D.12)

(—su + A?)
is free from any unphysical kinematic singularity, where hs; = h; — hy as in the main text.
The only non-analyticities of flhl hohihy (S, 1) in the complex s-plane are those required by

unitarity and crossing, namely,

Poles: s =m?, m3, 2mi+mj—t, mi+2m3—t,
Branch Cuts: s > (m; +msg)? and s < (m; —mg)? —t, (D.13)

as well as for the masses and thresholds of any other fields which couple to the external
particles.
As in section 4, the s-channel branch cut of flhl hohihy s positive ¢-derivative,

) A _ )
5 OeADSs Apnahan, (8 8)|e=0 = SR (sat - VlS’) ADbss Anyhohihy (5,1)]1=0

>0. (D.14)
Similarly, the u-channel branch cut is bounded by,

U ~
— O Abs, An, (2m3 +2m3 —u —t,t)]i—0

—2m? — 2m3
> uS1+S2—|hs|min <|hu’ _ |hs|min 4 (Sl + S2) (1 + u my m2>>

u

x Absg Ap, (2m2 + 2m3 — u,0). (D.15)
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The dispersion relation is then given by (4.15), and the branch cuts I and I,, are positive

thanks to (D.14) and (D.15), completing the proof of the positivity bound for generic

particle masses my # ms.
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